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Nomenclatures 
 
 
Symbols Description Unit/Expression
A Area m2
CMC Critical Moisture Content -
Cp Specific heat capacity J/kg °C
CTMP Chemi-Thermomechanical Pulping Process -
d Thickness m
Dp Paper thickness m
Dwa Mass diffusivity coefficient m2/s
FRF Fabric Reduction Factor %
G Paper basis weigth g/m2
h Heat transfer coefficient W/m2 °C
h Specific enthalpy (when uses in thermal model) J/kg
k Thermalconductivity W/m °C
K G Mass transfer coefficient m/s
L Length m
Le Lewis Number -
m Mass kg
M Molecular weight kg/mol
m (with dot) Mass flow rate/Evaporation rate kg/s
Nu Nusselt Number -
P Pressure Pa
p Partial pressure of water vapor Pa
Pr Prandtl Number -
q Heat Flux W/m2
R Radius (when uses with geometry) m
R Gas constant (when uses in thermal model) J/mol K
Re Reynolds Number -
Sc Schmidt Number -
SF Design Condition Safety Factor -
Sh Sherwood Number -
t Time s
TMP Thermomechanical Pulping Process -
u Moisture ratio kg water/kg paper
x Machine direction coordinate -
y Cross section coordinate -
z Thickness direction coordinate -  
 
 
XII Nomenclatures 
 
Symbols Description Unit/Expression
𝜆𝜆 Heat of evaporation J/kg
𝛺𝛺 Angle °
𝛼𝛼 Angle °
𝛽𝛽 Angle °
𝜃𝜃 Angle °
𝜌𝜌 Density kg/m3
𝜗𝜗 Temperature °C
𝜙𝜙 Enthalpy of exhaust air J/kg °C
 
Subscript Description
a Air
amb Ambient
b Basement enclosure
b-l Boundary layer
c Cylinder
ca Cylinder-Air interface
cfp Cylinder-Fabric-Paper interfaces
cri Critical
d c Coordinate at cylinder surface
d p Coordinate at paper web surface
dp Dry paper
ev Evaporation
evp Evaporation (Thermodynamic model)
exh Exhause
fg Latent heat
h Drying Hood
i Intake or input state
leak Leakage
m Machine
o Outlet state
p Paper
pa Paper-Air interface
s Steam
sat Saturated
sc Steam-Condensate interface
sup Supply
tot Total
v Vapor
va Vapor in air
vp Vapor in paper web
w Water  
 
 
 
Chapter 1  
 
 
Introduction 
 
 
 
Paper manufacturing is one of the world’s most energy consuming industries 
[5,8,12,37,44,78,80,108].  Energy consumption and production costs per ton of 
paper vary widely depending on the type of paper machines, moreover; the 
paper mills have different energy costs based on the type of paper production, 
machine configuration, geographic location and other parameters.  In present-
day, it is necessary to develop an understanding of energy cost factors for 
each mill, which should be always up-to-date, for analysis of cost saving 
strategy.  Therefore, before preparing an effective energy reduction program 
or machine audit and improvement program after long operation time, an 
accurate design tool is needed.   
 
The paper mill is one of the most complicated processing machines and 
several processes are required such as pulping process, stock preparation and 
wet-end process, paper making process (including pressing and drying), and 
finishing process.  Each part also consists of complicated sub-components. 
From all of the processes in paper mill, the one that consumes the most energy 
is the process that runs on the paper machine, which contains three important 
sections inside; the Wire Section, the Press Section and the Drying Section.  
The most energy intensive part within the paper machine is the drying 
section, which consumes approximately 85% of the whole thermal energy 
required by a paper mill [40,41].  At present, there are many paper mills that 
operate 24 hours per day all around the world.  Therefore, the contribution of 
specific field of research work to apply in the paper production process is 
very necessary, especially in the drying section to optimize energy 
consumption and operating costs. 
 
In fact, there are two main industries related to paper manufacturing.  The 
first one is the papermaking industry and the second one is the paper 
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machine manufacturer industry with companies such as Voith1, Valmet2 and 
PAMA3.  For support to users, many research subjects are covered by existing 
literature about papermaking industry and have been explored.  Paper drying 
modelling and simulation have also been developed and verified with real 
processes and their results are very satisfactory.  Generally, these works were 
analysed on fixed geometry parameters of drying section because it is 
unnecessary to change the machine construction in producible paper machine 
and/or the modifying costs and time requirements are too high.  However, 
for machine manufacturing, researchers, or engineers in the field of machine 
design, the exact value of machine geometry is important to design or to 
modify the machine in the next step.  Usually, the analysis and modelling of 
the drying process is based on transport phenomena, thermodynamics, mass 
transfer and heat transfer.  The connection between the drying model with 
mechanical design of the structure and mechanic parts is seldom found in 
literature. Since the simulation results from basic paper drying model was 
very accurate in recent literatures [2,3,38,142] it is possible to integrate the 
drying model with mechanical design purpose with acceptable accuracy.  In 
this dissertation, the application that was extended from the basic drying 
model will be focused on the effects of machine’s geometry variations on 
energy consumption of the paper machine drying section. 
 
1.1 Research questions 
 
It has been more than 180 years since the first continuous paper machine with 
multi-cylinder drying section produced paper.  During this time, many paper 
mills were established around the world.  Nowadays, the modern paper 
machines are still established. Some modern machines have been installed to 
replace an old machine but most modern machines are now being established 
in new industry regions such as Asia and South America [44,87].  The modern 
paper machines are producing paper with the highest technology and always 
up to date.  They produce paper with a high rate of productivity and high 
runnability.  Clearly, the new mills have many advantages over the previous 
ones, not only in terms of technology but also in terms of marketing 
competition.  In order to compete, the old mills have to be rebuilt or modified, 
when the capital to do so can be obtained. Unfortunately, for many old mills, 
the modification process that would have an effect on the original machine 
geometry is difficult or not possible to achieve because of lack of impact 
prediction.  Thus, the modelling and simulation of the impact of new design 
configuration geometry on the drying process is a major topic to solve for 
papermaking industry today. 
1 Voith: http://www.voith.com/index_e.php 
2 Metso: http://www.metso.com/ 
3 PAMA: http://www.pama-freiberg.de/  
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There will be a focus on the drying section of the paper machine, the intensive 
part of energy consumption, on its production quality and overall machine 
speed.  A multi-cylinder dryer is a formal machine, which is used in most 
drying sections in the typical paper industry.  It is one of the most complex 
and huge processing machines which challenged the ability of design 
engineers.  The modification or improvement of this machine requires specific 
knowledge and comprehension of specific characteristics of each machine.  
The fundamental knowledge referred to earlier researches on the multi-
cylinder drying section is enough and profoundly informative to apply into 
the improvement of the drying section.  The information from literature will 
be gathered, analyzed and applied in order to provide guide line.  This work 
will present the procedures, methods and examples of how to apply the 
models to practical uses in real industry. 
 
1.2 Aim and Scope of Investigation 
 
The improvement of a machine can be understood in several ways. In the case 
of the multi-cylinder drying section of a paper machine, improving usually 
means to target three areas of improvement: Speed Improvement, Paper 
Quality Improvement and Reduction of Energy Consumption. The 
improvement of machine speed is out of the scope of this work because when 
the machine speed in the drying section is changed that will have an effect on 
the wire section, the press section and all the processes before and after the 
paper machine.  This is a huge work and higher machine speed can only be 
achieved with a big team of engineers and scientists in paper machine 
manufacturing.  However, in order to study the effects of machine speed on 
the other factors in this work, the machine speed will be a variable parameter 
but still not a main objective.  The improvement of paper quality begins from 
the pulp process, stock preparation and wet end, which are out of knowledge 
boundaries of this work because they require fundaments of chemical 
engineering.  The last improvement aim is to reduce energy consumption, 
which will be the main objective of this dissertation. 
 
The scope of reduction of energy consumption in Drying Section is very wide.  
For several ristic of the scope, this study concern to many important 
parameters in this machine such as steam pressure for each dryer cylinder, 
temperature at contact area, dimension of machine‘s components, evaporation 
rate and final moisture content of paper.  
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With the identification of the main objective and relative parameters, the 
statement of the dissertation aims and scope can be declared as follows: 
 
- This work aims to assemble and incorporate literature related to 
paper machine drying to develop a mathematical model to 
simulate the drying section process regarding to mechanical 
design, drying performance and energy consumption. 
 
- For the purpose of machine design application, this work aims to 
integrate the geometric model of drying machine configuration 
with the general multi-cylinder model.  The effect of modifying the 
machine’s dimensions in the drying process will be studied and an 
illustrative example of improving the drying section will be 
presented.  
  
- This work aims to contribute with an application tool and applied 
technology to improve practically a multi-cylinder drying section, 
the results of the simulation will be compared with an experiment 
in the production drying section, the verified procedure, methods 
and example of this application will be later described.   
 
1.3 Distribution of knowledge 
 
There are several paper mills with multi-cylinder drying sections worldwide, 
and also in Germany, that have already been operating more than 15 years.  
They are still producing paper 24 hours per day every day.  Generally, they 
do not lack technology support and are still improved with machine parts 
upgrades or new equipment installation.  The main problem for this 
improvement is the trial and error without after-effect analysis and sensitivity 
analysis of new design factors or doing it without enough technical 
knowledge background.  In present, when the drying section must be 
modified, there are no guarantees for results and side effects to the overall 
process in the drying section.  That means the new machine parts upgrades 
may be effective (or not effective) for solving problems but this will not be 
found out exactly until the upgrade is finished and tested.  Moreover, the 
effect on the overall process will not be known before the machine is operated 
under the new conditions.  Then a mathematical model is needed to simulate 
the conditions of the machine with target improvement parameters for the 
improvement and optimization of the machine.  This model will help 
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engineers to simulate and predict the results of improvement.  In addition, the 
model can be run under different conditions and will show the difference of 
the results for each parameter condition.  Engineers can analyze and optimize 
the data to choose the best way to improve the drying section.  The accuracy 
and precision of the model to use in practice is also a topic of this work. 
 
This work may also be a good example for other industries that utilize 
cylinder dryers such as Textile Industry and Food Industry.  The results, 
experience and technical phenomenon arisen during old machine 
improvement will be utilized as case study or recommendation for new 
designs of new drying sections. 
 
 
 
 
 
Chapter 2  
 
 
Technical Background 
 
 
 
2.1 Background 
 
Papermaking has a long and very interesting history.  The papermaking 
process and paper machines have continually been developing along this 
time. In recent decades, many attempts in the field of papermaking have been 
made to study and develop every component and part of paper machines.  
This chapter reviews the background, history, the papermaking process and 
previous works on the field of paper machine development and will be 
emphasized especially on the drying section of paper machine. 
 
2.1.1 History of papermaking 
 
Paper is one of the greatest inventions of the human being.  The history of 
paper may be not presented in detail in one chapter.  However, the following 
paragraphs will be concentrated on a brief history especially of the 
papermaking machine rather than its processing. 
 
Around year 4000 B.C., Papyrus, the first substance like paper as we know it, 
was invented by ancient Egyptians.  Papyrus was a woven mat of reeds, 
pounded together into a hard and thin sheet.  The word “paper” as we use it 
nowadays, actually comes from the word “papyrus” [18].  Later on in history, 
in the next era, the ancient Greeks used a kind of parchment, made from 
animal skins, for the same purpose [129 ] but it was still too far to call it paper.  
After that, a long distance to the East, around 105 A.D., paper, as we know, 
was invented by Ts'ai Lun, a Chinese court official.  It is believed that Ts'ai 
Lun mixed mulberry bark, hemp and rags with water, mashed it into a pulp, 
pressed out the liquid and hung the thin mat to dry under the sun.  Paper 
then was born and has been agreed that this invention had a great effect on 
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human’s communication revolution.  At that time, literature and arts 
flourished in China.  However, this know-how was still a closely kept secret 
in China for 500 years.  In 610 A.D. the art of papermaking was for the first 
time distributed to Korea, and later to Japan. In these two countries, paper 
was still made by hand on a large scale in the old tradition, mainly out of 
fresh bast fibers of the mulberry tree. Shortly, knowledge of papermaking 
spread to Tibet and India and then to other countries in Asia.  In 751 A.D., the 
skill to make paper was transferred via a war between the Chinese and the 
Arab armies to Samarkand.  The Arabs became acquainted with the 
production of paper and paper mills were subsequently setup in Baghdad, 
Damascus and Cairo, and later in Morocco.  Due to the lack of fresh fibers, the 
raw material used by the Arabs was made almost entirely out of rags.  
Although, they have defective and poorly designed of processing equipment 
(such as breaker mills) and produced a rather inferior ground pulp.  But, by 
using this method, with screens made of reeds, thin sheets were made and 
then coated with starch paste.  That gave Arabian’s paper good writing 
properties and fine appearance. 
 
The Arab-Moorish cultures also disseminated the knowledge of papermaking 
in Europe.  Paper was already a commodity in Spain around 860 A.D. and in 
Italy in 1100.  The Arab-Moors in Spain, in order to avoid transporting end-
product paper, established the paper mills. The first paper mill was built 
around A.D. 1100 in Xativa next to Valencia.  Papermaking started its journey 
in Christian Europe in 1250 A.D., when the Arab-Moors were driven out by 
European armies.  After that, Italy became a major paper producer.  The first 
Italian paper manufacturing mill had been installed in Fabriano in 1268.  They 
vigorously produced the material and exported large amounts of end-product 
paper that dominated the European market for many years. Between 1338 and 
1470 A.D., the processing equipment developed but the processing methods 
were still non-continuous and still hand-made.  The raw material was still 
cloth rags (worn-out clothing), which were mostly made from flex and cotton 
fibers.  Later on, French monks began producing paper for holy texts, and 
then the process has been spread to Germany.  The first German paper mill 
belonged to Ulman Stromer in Nuremberg, which was a converted flour mill 
and began producing paper in 1390 [129].  In the same year, the first 
manuscript related to papermaking technique in Europe was written by 
Stromer.  The art of papermaking improved significantly in Germany.  In 
1453, the moveable-type printing press was invented by Johann Gutenberg.  
This invention had started a radical change in how people communicate.  
Books could be now produced in a faster and cheaper way as they no longer 
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needed to be hand-written.  It was the first time that ordinary people had 
access to read a book, and more people learned how to read.  Then, the 
demand for books and consequently for paper increased. 
 
In 1719 A.D., the demand for paper rose continuously and there were simply 
not enough old clothes and rags to keep up.  New alternative materials for 
papermaking were investigated by many people and then Rene’ de Reaumur, 
a French scientist, had observed wasps using tiny slivers of wood to make 
their papery nets and introduced the idea of making paper from wood.  But, 
people still did not know how to use the wood in commercial papermaking 
process until 1807.  However, the revolution of papermaking machine had 
already begun before that. 
 
2.1.2 Papermaking machine 
 
In 1798, the first effective attempt to design the continuous machine for paper 
production was done by a French man, named Nicolas-Louis Robert.  A large 
moving hand-cranked screen belt that can receive a continuous flow of stock 
and give an unbroken sheet of paper to a pair of squeeze rolls was invented 
[7].  However, this invention was still incomplete and not practically used.  
After he had sold this design to two Englishmen, the Fourdrinier brothers, the 
machine was improved based on Robert's idea and a better version for 
commercial use was built.  The world’s very first continuous papermaking 
machine was installed in 1803 at Frogmore mill, England [129].  Shortly, 
continuous drying techniques were introduced to the paper industry by 
means of cylinder drying in 1817 by John Dickinson [129].  Several years later, 
the idea of Rene’ de Reaumur had been covered.  In 1850, a machine designed 
to turn wood into pulp by grinding away its structure with a revolving 
grindstone was invented by a German named Friedrich Gottlob Keller [129].  
However, this ground wood only made poor quality paper.  Later, Hugh 
Burgess, an English man, found a better process by putting the ground wood 
into a chemical solution to digest the wood [129].  Later on, C. F. Dahl, a 
Swedish chemist, has finally perfected the use of wood by adding a chemical 
solution which included sulphate [129].  The material for papermaking then 
became wood pulp in 1879, at this point in time; the continuous paper 
machine had already been producing paper from old rags for 76 years. 
 
Since these crude beginning times, modern papermaking machines were 
developed.  Even though, modern innovation and engineering have been 
formed as well as the ancient craft has also been applied to machines but the 
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basic procedures of papermaking machines still remain the same.  These 
procedures are as follows: 
 
 Stock preparation is part of the papermaking process and is situated 
between fiber producing facilities (pulp mills) and the paper machine.  The 
process technology is comprised of various system concepts with numerous 
machines and subsystems.  Furnish components are processed in stock 
preparation so that the paper machine can meet product quality requirements.  
Basically, two different kinds of furnish are available. 
- Virgin fibers such as chemical pulp or mechanical pulp (ground 
wood, TMP, CTMP, etc.), or 
- Recovered fibers comprising various grades of recovered paper, 
roughly sorted and classified according to product group such as 
graphical papers, tissue, board and packaging paper. 
 
 Headbox and Wire section are the part of paper machine, which is 
sometimes called forming section.  This is where many of the important paper 
properties are determined.  The headbox dispenses pulp evenly onto the wire 
mesh for the entire width of the machine.  The most common wire section 
types are the Fourdrinier, the hybrid former and the gap former.  The wire 
section is where the water from the forming web is removed by drainage and 
thickening.  However, at the end of wire section, the wet paper web still 
contains about 80% water or more. 
 
 Press section is the part of paper machine where water is removed as 
much as possible from the paper web that can be called the mechanical 
dewatering process.  In the press section, a pressing felt is used to convey the 
web through the press nip formed between the press rolls.  Wet pressing has a 
significant effect on paper properties.  When the paper’s wet strength is good, 
the paper web can withstand the movement to the dryer section without 
breaking.  The paper web leaves the press section with water content of about 
45 to 67%, which must be removed in the drying section. 
 
 Drying section is the next stage of water removing process in the 
paper machine following the press section.  In this section, water is removed 
from the paper web by evaporation.  The aim is for evaporation to occur 
efficiently, economically, evenly, and without compromising paper quality.  
Methods, commonly used in drying paper and board, are contact or cylinder-
drying, blow drying, and radiation drying.  The final water content at the end 
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of the drying section depends on paper grade, and it has about 5 to 9% water 
content. 
 Calendering and Reeling is the last section of a paper machine.  
Calendering means the pressing that is done to modify the thickness, 
roughness and glossiness of the paper.  Pressing the paper between the rolls 
gives it a glossy surface, and thus improves its printability properties.  The 
last component is reeling, which has the purpose of transferring the end-
product paper or board to a big machine reel for easier handling when 
winding. 
 
 
99% 80% 50% 8% 5%
Wire Section Press 
Section
Drying Section Calendering
 and 
Reeling
 
Figure 2.1 Component layout of papermaking machine from Metso 
 
 
At present-day, the machines used for paper manufacture are technically 
highly sophisticated.  By 2005, the biggest of these machines are up to 10 
meters wide and up to 120 meters long [99].  Despite variations in their 
construction, all of these papermaking machines always consist of the same 
basic elements.  The actual designs of these elements depend on the type of 
paper to be made.  The speed of the individual machine also varies 
significantly: however up to 2,600 meters of paper per minute can be simply 
produced [55] 
 
2.1.3 Multi-Cylinder drying 
 
Multi-cylinder drying technique is the most used for the dryer section in 
papermaking industry at present.  An estimate of the distribution of dryer 
types used in paper industry is shown in Table 2.1.  This table shows that the 
conventional steam-heated cylinder dryers are still dominant in the 
papermaking industry.  Another illustration of the distribution of drying type 
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for each paper grade is shown in Table 2.2, which shows that the multi-
cylinder dryer is still the most dominant dryer for each paper grade. 
 
Table 2.1 Dryer type distribution in paper industry [55] 
 
 
Table 2.2 Dryer type distribution in paper industry by paper grade [55] 
 
 
Since its development and commissioning by Dickinson in 1817, the cylinder 
drying system technique still uses the same principle.  Earlier, the drying 
cylinder had no fabrics or impermeable felts and the overall machine speed 
was slow.  After that, the machine designed in the 1960s had dryers in two 
tiers featuring a separate fabric run on the top and bottom tiers in each dryer 
group.  That can also be called double-felted configuration.  In the practical 
dryers which designed in the 1990s, the dryer section is in one tier.  The paper 
web travels on hot dryers between the drying fabric and dryer, on the outside 
fabric surface at sectional draws, and on turning rolls.  This design is called 
single-felted or single tier configuration.  For recent days, in double-felted 
dryer section design, the wet paper web is transferred unsupported from one 
dryer to the next.  A long free draw exists where paper is subject to forces that 
stretch and even break the web in its weak state.  In practice, a higher machine 
speed will rapidly increase stress.  To prevent the dryer section from 
becoming a bottleneck for overall production speed, a single felt design was 
Dryer Types Industry Share (%)
***
Cylinder Dryer 85 - 90
Impingement Dryer 2 - 3
Yankee Dryer 4 - 5
Infrared Dryer 3 - 4
Through-Dryer 1 - 2
*** Not include pulp dryers
Dryer Technique
Tissue Fine Paper Board Coating
Cylinder 5 95 95 35
Impingement - 4 - 50
Yankee 84 - 3 -
Infrared - 1 1 15
Through 11 - - -
Condebelt - - 1 -
Condebelt is a trademark of Metso Paper Oy, Findland
Distribution (%)
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introduced in the first part of the dryer section.  Using this design technique, 
the drying felt always supports the paper web, which causes it to enhance 
web stability and runnability of the dryer section.  However, this technique 
reduces the open free draw area and that causes a reduction of drying 
capacity.  Due to increase drying capacity, the double-felted dryer cylinder 
may be installed after one or two steam groups of single-felted dryer 
cylinders.  The combination of single-felted and double-felted dryer cylinders 
is shown in Figure 2.2.  Cylinders “S” are dryer cylinders in single-felted 
configuration group and cylinders “D” are dryer cylinders in double-felted 
configuration group. The paper web travels from left to right.  
 
Focusing only on the drying section, this machine consists of many 
components.  With an emphasis on the design of the drying section of the 
paper machine, a review of the main components in the drying section will be 
also presented.  However, the metal structure and construction design of the 
basement and the machine frame will not be mentioned. 
 
 The Suction rolls are used as turning rolls in the bottom row of the 
new single-felted designs.  In the suction roll area, the drying fabric can 
effectively support the web because the suction roll produces a vacuum area 
on its surface.  The vacuum pressure is about 1 kPa, which is enough to 
balance the centrifugal force on the paper web.  Then, the paper web can 
travel and be stuck together with drying fabric over the suction roll’s surface.   
 
 
 
 
 Figure 2.2 Schematic design of multi-cylinder dryer 
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 The dryer cylinder is the main component of the multi-cylinder dryer 
technique. Most drying cylinders of paper machine have to use gray cast iron.  
The design calculations and tests have shown that a thinner wall, which 
equipped by stronger materials does not improve total heat transfer.  Because, 
the thermal conductivity of material usually more decrease with stronger 
materials and expenditure with thinner wall design and/or stronger material 
always high.  Then, the material for drying cylinder should not be optimized 
in practical use [38,55].  The main function of a dryer cylinder is to heat the 
wet paper web.  After water in the wet web evaporates, the sheet is dried.  
Heat for evaporating the web's moisture comes from saturated steam, which 
gives up a large amount of energy as it condenses inside the dryer cylinders.  
The condensate is removed from the cylinder using a siphon assembly.  At 
low speed, condensate is collected in a puddle at the bottom of the cylinder 
and is removed by a stationary siphon.  As speed increases, condensate starts 
to fall, before eventually forming a uniform thickness around the inside of the 
cylinder, known as rimming [30,85,135].  This can be removed using a rotating 
siphon as shown in Figure 2.3.  As speed increases, the centrifugal forces 
become too strong and a stationary siphon must once again be used.  The 
drying rate along the dryer section is controlled by adjusting the steam 
pressure within individual sections.  Steam pressures vary from slightly 
below atmospheric pressure up to 4 or 5 bar in the first few cylinders, rising to 
between 3 and 10 bar towards the end of the last dryer section [55].  
Conventionally dryer cylinders receive saturated steam and extract 
condensate through the same side, usually at the back.  Newer cylinder 
designs, however, permit steam to be introduced at the back of the cylinder 
with condensate removal from either the front or back or sometimes both 
[55,88,89].  In order to reduce the insulating properties of rimming 
condensate, dryer or spoiler bars are sometimes fitted to the inside of the 
cylinders to increase the turbulence of the condensate and assist heat transfer.  
Steam is supplied to the drying cylinder either in a cascade or a thermo-
compressor system.  Thermo-compressor systems supply steam to individual 
sections at more controllable pressures than in the cascade system [55]. 
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Figure 2.3 Sectional view of a dryer cylinder [55] 
 
In the paper drying process, various sizes of suction rolls are used.  The 
diameters are between 600 and 1500 mm.  The suction roll is drilled into the 
shell, air is sucked inside the roll shell through the drilled holes on its surface 
to produce vacuum.  As example a sectional diagram of suction roll is shown 
in Figure 2.4.  The effective opening of the roll surface is usually higher than 
the drilled open area.  The techniques such as double drilling, countersinking, 
or grooves on the roll surface can help to reach the effective condition.  Higher 
openings of the roll surface spread the vacuum across a larger area under the 
dryer fabric.  The dryer fabrics are open at about 20% of effective openness of 
the roll surface area, which is sufficient to spread the vacuum across the fabric 
and completely under the paper web.  Considering the principle of dryer 
operation, three basic types of suction roll designs were found: Conventional 
suction roll type, Section roll without suction box inside, and roll with suction 
through the shell [55,39]. 
 
 Dryer fabric:  The main function of a dryer fabric is to hold the paper 
web against the heated dryer cylinders within the drying section of the paper 
machine.  Most of dryer fabrics are of woven design constructed from various 
synthetic polymers, commonly polyester and polyamide, but can also 
incorporate PTFE and heat resistant polymers for specific applications.  The 
main requirements of a dryer fabric are: Dimensional stability under tension; 
resistance to wear and / or damage; permeability retention; a uniform, 
smooth surface to prevent marking and hold the paper sheet effectively and 
ease of installation [60,61]. 
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Figure 2.4 Sectional view of suction roll with a vacuum box inside [55] 
 
Dryer fabrics must be able to resist degradation from humidity, temperature, 
wear (abrasion) and chemical cleaning additives.  Modifications to the fabric 
design and polymer used to make the yarns can assist with this.  For example, 
changing the weave pattern so that temperature resistant yarns are only 
present on the paper side of the fabric will prevent temperature related 
degradation at the sheet edges, where the paper web is not available to 
protect the fabric from the hot dryer cylinder [39].  The pressure of the steam 
used to heat the drying cylinders dictates the temperature to which the fabric 
is exposed.  Above a certain limit, polyester yarn is no longer a suitable 
material for the manufacture of fabrics and hydrolysis resistant yarns such as 
PCTA or PPS must be used instead [60,61].  A fabric's permeability 
determines how quickly evaporated moisture can be removed from the 
pockets of the dryer section.  Dryer fabrics can be woven to give very different 
permeability, depending on the machine requirements [123]. 
 
 Drying felt roller is a cast iron roll which has the function of guiding 
the felt web to the dryer cylinder.  Moreover, this roll is used for adjusting a 
fabric tension in the dryer section that creates contact pressure between the 
wet paper web and the dryer surface.  The mechanical contact pressure by 
means of dryer fabric tension has clearly improved the heat transfer 
coefficient [38,135].  Therefore, drying efficiency can be improved.  
 
 Ventilation system in modern paper machines is very important and 
affected to drying efficiency.  Water evaporated during drying must be 
removed by circulating air, so that humidity does not build up above the 
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paper surface and interface with the evaporation process.  At the same time, 
the volumetric input of fresh heated supply air should be kept to minimum.  
The extent to which fresh air intake is reduced can be judged from the weight 
of water evaporated per ton of air supplied.  For effective operation, however, 
the trick is to ventilate the dryer hood properly, by introducing air at the right 
temperature and humidity at the right place.  In practice, a good ventilation 
system supplies at least 85% of the air needed to carry away the evaporated 
water.  The drying hood operates with a slight vacuum up to the top of the 
doors, and a slight over-pressure above the doors.  Therefore, humid air does 
not escape into the machine room, and no more than 15% of the air entering 
the hood infiltrates from the machine room.  Most of the ventilation air is 
introduced through the blow boxes which are placed between the dryer 
cylinders, but outside the dryer fabric as shown in Figure 2.5.  The air flow 
must not be so strong that it causes the web sheet to flutter, and it must be 
sufficiently balanced so that the horizontal air flow velocity in or out of the 
pockets does not exceed 2 m/s [55]. 
 
 
Figure 2.5 Blow box for partly supported double felting [55] 
 
 The Drying hood’s major purpose is to recover heat from the drying 
section.  The earliest generation of drying hoods (circa 1920) was simple 
canopies, designed to contain and exhaust as much heat and moisture from 
the dryer section as practical.  Typically these hoods were un-insulated.  Little 
attention was given to energy costs, effects of the hood on production, sheet 
quality or heat recovery.  By the 1950's canopy hoods were generally insulated 
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to prevent the formation of condensation.  Still, there was very little concern 
for energy.  By the 1960s closed conventional drying hoods became 
increasingly popular to address some of the problems associated with open 
canopies.  Typically these problems included poor exhaust efficiency, high 
airflow requirements, and generally poor operating conditions.  During the 
1970s and 80s conventional drying hoods gave way to "medium humidity" 
hoods.  Increased machine speeds and higher evaporation loads made 
conventional hoods impractical. By the 1990s paper machines had reached 
unprecedented speeds; requiring even more demanding hood and air systems 
performance.  This, coupled with rapidly escalating energy prices, required 
the development of a new generation (high humidity) hood.  A well designed 
closed hood is, in fact, much more than an enclosure over the dryer section. 
Together with the process ventilation system, flammability systems, and heat 
recovery, it provides the papermaker with all the tools necessary to ensure 
full control over drying performance and energy consumption in the dryer 
section. Figure 2.6 shows a properly designed dryer section air system. 
 
 
Figure 2.6 Diagram of drying air circulation in conventional drying hood [39] 
 
2.2 Literature Review 
 
In fact, the literature on the field of paper drying is extensive.  Since 1817 the 
first development and commissioning of paper drying cylinder has begun 
[71].  In the 1960s, the drying felts were more open and air permeable 
replaced the felts that call free draw.  In this time the pioneer works on paper 
drying modeling and simulation were started [71,90,91] and in most 
literature, the attempt was to formulate and build a mathematical model to 
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describe the phenomena inside paper drying process [90,91].  The 
requirement of drying section’s development forced the works on modeling 
of drying section very fast in progression, especially on requirement of 
increasing production speed, automatic control for increasing production 
quality and energy cost optimization.  Therefore, the extended works since 
1960s were divided into many subjects such as production speed [7,32,34], 
automatic control for modern paper machines [2,3,31,103] and energy 
consumption optimization including thermal efficiency and waste heat 
recovery for the paper drying process [14,70,88,89,90]. The past works during 
the 1980s and the 1990s were stable on the formulation of mathematical 
models and patterns of numerical methods to solve the mathematical model 
which can be found in [23,86,106].  All the time since the model was 
developed, the validation of the contact heat transfer coefficient and the 
contact surface temperature verification were always a critical problem in the 
research, because of the difficulty and impossibility to measure the dynamic 
drying process online from a real productive drying machine.  However, the 
characteristics of the heat transfer coefficient and the contact temperature 
were studied in static condition by many previous works [34,64,61,75,91,92].  
The number of experiments and methods of data analysis for many typical 
paper grades assures that the contact heat transfer coefficient and other 
property parameters are acceptable for approximate results.  Until present 
day, the principles and applications of modeling and simulations of the paper 
drying section were not innovated anymore.  Recent works began with a 
standard model and then it modified to describe a specific drying process or 
according to the direction of subject of each research project.  In this section, 
21 concentrated publications were reviewed in 11 paragraphs of literature 
review and the others were only mentioned.  Moreover, in total 140 
referenced publications and books were used with citation inside this 
dissertation.  One suggestion, the present works since 2000s usually based on 
past works but their formulations are developed and at present they stand on 
the top functional and has a modern solving technique when compared with 
the old works.  Therefore, the literatures which were reviewed in this chapter 
are mostly recent works.  The conclusion will be focused on the geometry 
analysis and calculation and the thermodynamics of the drying section to 
present a contrast from this work against previous literature in the following 
paragraphs.  
 
The classic 4 phases of drying on the paper drying cylinder were developed in 
1960 by Nissan and co-workers [90,91].  This work was the one of pioneer 
works in the field of paper drying technology.  The transient heat transfer and 
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water removal on a felted [91] and an un-felted [90] drying cylinder have been 
investigated.  This work has included the development of theory to describe 
the conduction of heat transfer in the drying material and the experimental 
testing for model verification.  The mathematical models for drying process 
were described in the terms of a second order partial differential equation and 
proper boundary condition for each drying phase.  A computer program was 
constructed and the numerical results were concurring with experimental 
results.  Therefore, the four phases division for paper drying cylinder was a 
very good function scheme for multi-cylinder drying section and has extend 
by further works [59,60,77,121,134].  The conclusion from this work gave 
many valuable suggestions for modeling a paper drying process such as effect 
of surface temperature on vapor transport, liquid transport and capillary 
flow.  Moreover, this work has found that on felted drying phase, the majority 
of the moisture content in paper web was removed by liquid transport and 
heat was transferred through the web thickness by vaporization-condensation 
cycles as well as conduction heat transfer. 
 
Several works from Björn Wilhelmsson [132,133,134,135] have focused on 
modeling the paper machine drying section.  In his dissertation [133], the 
review of past works on drying section models was very nicely presented and 
also has a brief comparison.  In more detail, the development of a 
mathematical model and a computer simulation program were the first part 
of his work and was also presented in [135].  The mathematical model in this 
work is a dynamic model and it does not include internal mass transportation 
of water in the thickness direction in order to avoid a complicated model.  All 
the evaporation process was assumed to occur at the surface of paper.  The 
latent heat from steam is only one energy source to evaporate water from 
paper web.  The calculation steps inside the model were divided into 
subsections depending on the type of drying phase and drying phase length.  
The scheme of this model is a famous one and the model was used in further 
works in the field of paper drying [2,3,31,38,120,121].  In the second part of his 
work he shows an experiment on the important drying parameters such as the 
contact heat transfer coefficient, dryer fabric mass transfer, condensate flow 
and condensate heat transfer.  About 900 experiments on the contact heat 
transfer coefficient were done and the conclusion showed that the 
temperature was of great importance, obtaining higher contact coefficients at 
higher temperatures.  The effects of thermal conductivity of paper, condensate 
coefficient of condensate film inside cylinder shell and mass transfer 
coefficient were also presented in [132].  It showed that a lumped parameter 
model of the heat transfer processes occurring within the paper web works 
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very well.  The last part is the validation of the simulation program against 
industrial paper dryer.  The result of the simulation program was a very 
successful verification of the measurements and experimental data from three 
dryer sections from real paper manufactures. 
 
Asensio and Yagoobi [7,8] have reviewed and compared several models and 
simulations of multi-cylinder paper drying.  Especially in [7], the typical three 
independent models are directly compared using the same reference data.  
The models are the A&M model from the drying research center at Texas 
A&M University, the Kuiosa model by Lehtinen from Tampella Ltd. and the 
VTT model from VTT Energy within the Technical Research Center of 
Finland.  The A&M model was developed and presented by Asensio and 
Yagoobi [8] but the other models were not directly found.  The main target is 
to compare moisture content, average temperature of cylinder and paper web 
and evaporation rate during drying process.  The results show that the three 
models which vary widely in their assumptions can yield similar predictions 
for the drying process.  The direct comparison of the models showed that each 
model can predict an approximate moisture, temperature profile and drying 
performance of two example paper machines.  However, there is still a need 
for global collaboration among various research groups in order to improve 
the present state of modeling and simulation of the drying section of paper 
machines. 
 
A modeling of web drying was also presented by Soininen [123].  The 
complete explanation of the model construction for paper web drying was 
presented in this work.  The principle of heat transfer through a boundary 
layer especially at the paper web surface contacted with gas flow region was 
explained.  The energy flow required for drying was also formulated in this 
work.  Drying cases such as adiabatic dryer, isothermal dryer and a special 
case for no mass transfer were discussed to define the situation of mass 
fluctuation of the evaporation process occurring in the drying phase.  
Mathematical models include the hygroscopic effect of paper when the drying 
process reaches the hygroscopic region or can be called as falling rate drying 
zone.  The sorption isotherm of the paper web in the drying process was very 
well presented.  However, a set of sorption isotherms have determined under 
laboratory condition but in a paper machine, the drying process is rapid and 
violent, therefore, the local partial vapor pressure differed from the laboratory 
data.  The numerical results from a drying model in which laboratory data is 
used for hygroscopic properties of paper web are inaccurate but this research 
found that this inaccuracy was probably not significant.  Equation models 
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were developed for flexible calculation, they can be accounted for the change 
of the properties themselves when the hygroscopic region is entered.  The 
heat and mass transfer coefficient were also reviewed and discussed.  The 
final formulation and average value of parameters were concurrent with other 
works [90,91,132,133,134,135].  The overall purpose of this model was based 
on the simplification of assumptions and approximations.  The validation of 
the calculation model with industry data was not found in this work. 
 
Nilsson [88,89] presented a mathematical model describing the heat and mass 
transfer in the dryer section of paper machines.  The production data from 
four paper machines were applied to the model verification.  The first part of 
this work [88] is then the analysis of machines data.  The mathematical model 
in this work focuses on variation of machine speed under the concept of 
changing the machine velocity in the simulation model until the calculated 
final moisture content agrees with the machine data.  The results of the 
simulation model agreed with the data from paper machine, which produced 
paper with basis weight ranging from 0.056 to 0.159 kg d.s./m2.  But, it was 
not available for the heaviest grades with basis weights ranging from 0.189 to 
0.309 kg d.s./m2 ,due to systematic error caused by the assumption of 
homogeneous moisture content and temperature within the sheet resulting 
severely in errors for high basis weight sheets.  The analysis of internal and 
external transport resistances have been studied and presented in [89].  The 
subject in this part was to study the effect of internal heat and mass transfer in 
the drying process.  The first model excludes and the second model includes 
the heat and mass transfer within the paper sheet.  When verified with 
machine data the second model presented underestimates of mass transfer 
rate within the web since the capillary flow and surface diffusion were not 
taken into account. 
 
Karlsson and Stenstörm [60,61] developed a dynamic model for describing the 
drying mechanism of the card board.  This model included shrinkage effect 
and could predict temperature, moisture and pressure profiles in the drying 
process.  A theoretical model was presented in [60].  The mass balance was 
divided in three component phases such as vapor, air and liquid.  The 
direction vector was also presented in three directions such as x (machine 
direction), y (cross direction) and z (web thickness direction).  All derivatives 
for the mass balance equation were approximated with a finite difference 
scheme.  Following, the energy balance was presented and was discretized in 
space using the same technique as for mass balance.  The boundary conditions 
for each paper interfaces were also presented and concurred with 
Technical Background 23 
Wilhelmsson [133] and Nissan [90,91].  A very useful boundary condition was 
found here, that is the vacuum roll – paper interface.  The physical properties 
of paper, drying felt, air and steam parameters were concurrent with other 
works [87,88,89,133,135].  The simulation results and experimental results 
were compared in [61].  The main problem was the difficulty to determine the 
real contact heat transfer, which is a very hard work for all research in this 
field.  The heat transfer coefficient in this work then used a fitting parameter 
and was assumed to be constant.  The simulation results such as average 
moisture ratio, temperature profile and energy consumption matched 
experimental results.  The moisture ratio could be also presented in thickness 
direction.   
 
A modeling of the drying process in a paper plant was developed and 
presented by Yeo [137].  This work was an attempt in modeling paper drying, 
especially for a multi-cylinder drying section.  The formulation of a 
mathematical model in this work was based on heat and mass balance.  The 
system to investigate was divided into drying felt, paper web and drying 
cylinder.  The balancing equations for each system were on differential 
formulation.  Boundary conditions for each drying phase were also presented.  
The simulations were performed on three typical paper grades such as 55, 70 
and 82 g/m2.  The numerical results of the simulation program were not only 
validated against measurement results of real drying processes but also 
compared the accuracy between fixed and variable heat transfer coefficient in 
the drying process.  The comparison showed that the variable heat transfer 
coefficient in the simulation program agreed very well with measurement 
results in every paper grade.  Moreover, it was found that the heat transfer 
coefficients could be represented effectively in terms of moisture content, 
basis weight and paper web velocity. 
Zvolinschi [141] presented an optimization and analysis of the paper drying 
process based on the second-law of thermodynamics.  Works which 
considering energy efficiency on the paper drying were not often found and 
were mostly based on the first-law of thermodynamics 
[8,11,12,14,28,35,37,40,41,49,51,64,66, 67,80,81,82,90,94,108,112,119].  The first-
law allows to present results of how much energy is consumed or how much 
waste heat is produced and also allows determining the efficiency of the 
drying processes.  The second-law analysis and formulation was also found in 
related works on drying systems but not directly in the field of paper drying 
such as [4,30,79,83,128].  The second-law analysis formulation may be 
complicated but the advantage is that it is very valuable for high performance 
energy analysis in the drying section. Especially for principle in work of 
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Dincer and Sahin [30], the second-law formulation for general drying process 
was clearly presented.  Directly for the paper drying process, in Zvolinschi’s 
work [141], the conventional multi-cylinder drying machine was analyzed 
and optimized through the second-law of thermodynamics.  In this work, the 
total entropy production in the drying process was minimized by applying 
the constraint of the second-law method.  The equations for mass balance and 
heat flux, and relation parameters for the heat transfer coefficients that were 
used in this work, were common in paper drying and simulation, which can 
be found in Nissan [90,91] and Wilhelmsson [133].  The basic formulation in 
this model is therefore like in previous works but the part of second-law 
calculation was added into the main drying model.  Regarding numerical 
results, not only standard results were presented but also entropy production 
profile and entropy production per drying mode were presented.  This work 
found that there is an important effect on the total entropy production when 
changing the inlet air humidity and when the temperature of steam supply is 
smaller the effect decreased also reducing entropy production.  The results 
further pointed to the need for a revision of the current paper drying models, 
as the second-law of thermodynamics was violated at high air humidity with 
the model in this work. 
 
Lindell and Stenström [77] presented and described a developed simulation 
tool for the analysis of energy use and cost in the pulp and paper industry.  
The process systems in this work have been modeled using steady state 
lumped parameter physical model with black-box elements.  The goal of this 
work was to develop a simulation tool to facilitate the analysis of how the 
paper dryer section affects the total mill-wide energy balance during a steady 
state production.  The parameters of the process to be evaluated are the 
energy utilization in the drying section, the fuel consumption in the steam 
boiler and other processes, the back pressure power production in steam 
turbine and the recovery and utilization of secondary heat.  This work 
involved studies of new dryer section concepts and extrapolation of process 
model validation data are available.  This model is therefore based on 
rigorous descriptions of the physical phenomena taking place in the drying 
section.  The mathematical models of the drying process in this work have 
been developed using the approach proposed by Wilhelmsson [130,134].  
However, in this work the microscopic phenomena within the paper structure 
and in the process equipment are not of interest, since the major analysis is 
focused on the entire mill energy system.  Therefore the drying section model 
by Wilhelmsson [130,134] has been simplified by lumping the moisture 
content and temperature of paper in both the thickness direction of paper web 
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and machine direction of the dryer equipment.  The simulation example in 
this work dealt with pre-drying sections of 56 single-tier drying cylinder 
blocks.  The simulation results showed that with the combined dryer system, 
the steam consumption in the paper machine reduced by 1.00 GJ per tons of 
93% paper dryness and the electricity consumption was predicted to increase 
by 7 kWh per tons of 93% paper dryness.  Approximately 5 – 10% of the heat 
required in the drying section is recovered for preheating of fresh supply air, 
steams, and an additional 5% is recovered for heating of process water 
streams.  One conclusion from this study is that from a thermodynamic point 
of view, the combined dryer system is superior to the conventional cylinder 
dryer, due to the improved opportunities for heat recovery.  The conclusion of 
simulation has shown how useful the tool for energy analysis in complex 
process system.  The tool calculates both the thermodynamic performance and 
the resulting costs for energy for a certain process configuration.  
 
A dissertation of Gaillemard [38] is a recent work on paper drying modeling.  
This work extended the one layer model in previous works [60,61] into a 
three-layer model for multi-ply paper board.  The main object of this work 
was to predict the moisture content and local temperature of each layer in the 
paper board web during the drying process in a multi-cylinder drying section.  
In order to run the model online and use it as a control tool for the operators, 
the modeling of the drying process in this work was simplified.  The model 
therefore discretized moisture content and temperature of paper board web 
only in machine direction (x) and paper thickness direction (z).  For the cross 
section (y), only the properties of paper web at the middle of the machine 
width were considered.  The scheme extended from Karlsson [60, 61] which 
was a one-layer model for paper drying and some contact heat transfer 
parameters were extended from Wilhelmsson [33].  For solving the 
mathematical model of the energy balance and temperature model, the 
backwards differentiation method was used in machine direction (x) and the 
center differentiation method was used in thickness direction (z).  For the 
mass balance in the paper web, with the purpose to simplify the model, it 
didn’t include the distinction between the two phases of water, liquid or 
water internal transfer and the presence of air inside the paper when the 
water leaves the paper pore.  The effect of the hygroscopic region on free 
water partial vapor was also studied.  Validation and identification of 
simulation results with measurement result was found in this work but again 
the measurement was very difficult for observation of real dynamic drying 
system in the drying section, the same as with most works in this field.  
However, the model had a good prediction for final moisture content and 
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temperature.  The direction of future work from this work is trying to design 
and install a better on-line measurement sensor for a new validation of the 
mathematical model. 
 
The modeling of the drying section of a paper machine with the purpose of 
controlling the paper machine was also developed and presented by Ekvall 
[31], and then the development was continued by Åkesson and Slätteke [3].  
The drying phases were divided into four phases, which can be found in 
previous works [90,91,133].  The work from Ekvall [31] focused on controlling 
the paper machine during web break with the goal of improving paper 
quality and increase paper production by improving the steam pressure 
control during web break.  In the dissertation of Slätteke [119], the work 
focused also on control of moisture content by controlling the steam pressure 
in the drying cylinder.  All works in this research group used the principles of 
paper drying models from prior works [60,61,77,90,91,113] which were 
successful in model validation.  The first part of the model consisted of the 
basic model and then it was followed by a controlling model and signal 
processing.  The results of the dynamic simulation program concurred with 
measurement data and could be used as an input signal for control systems.  
The field of automatic control will not be reviewed here in detail. 
 
2.3 Conclusion 
 
With an emphasis on the subject of dissertation, past works with geometry 
analysis and calculation for drying section of paper machines have been 
searched.  Unfortunately, the publications or books which were found belong 
only to research groups or individual researchers that aim to deal with 
papermaking companies and not with paper machine makers.  Therefore, the 
method to calculate the geometric dimensions of multi-cylinder dryers, which 
were found, was very simple.  The calculation processes by considered warp 
angle of paper web and drying felt on dryer cylinder surface [133] was used, 
because of in drying section for Papermaking Company the construction of 
drying section should not be changed.  Therefore, only input data from warp 
angle and free draw length from a machine drawing is enough for the 
purpose of this drying model.  A variable geometry model for multi-cylinder 
dryer then was not found in previous works.  The paper drying simulation 
model with variable machine geometries was not found either.  In this 
dissertation, the modeling of geometry of multi-cylinder drying section is a 
new model that will be included in standard models.  Details and the 
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mathematical formulation of the model will be presented and discussed in 
chapter 3. 
 
Thermodynamics of paper drying section is one subject of this dissertation.  
The word “thermodynamics” here has a meaning of analysis, calculation and 
optimization of energy in the paper drying process.  Some previous works 
have topics focused only on moisture and temperature profile in paper web 
during drying process [2,3,23,120] but do not extend to the calculated energy 
consumption for the drying process due to the main purpose of their works.  
Fortunately, several of the publications that were found have a subject 
directly related to the analysis of thermal efficiency, energy consumption and 
energy recovery in multi-cylinder drying sections [3,7,110,112,122].  Then, the 
addition of a thermodynamic model into a standard model of paper drying is 
not new.  However, in order to extend the model from literature to a specific 
work such as for this dissertation, the user must develop and modify the 
content of the model to be suitable for the examined drying system.  The 
developed thermodynamic model for this dissertation is also presented in 
chapter 3. 
 
 
 
 
 
Chapter 3 
 
 
Theories and Mathematical Modeling 
 
 
 
This chapter reviews and discusses for all of theory and mathematical model, 
which use for build the drying simulation model.  The explanation of physical 
properties of paper that varies with temperature and moisture content also 
presents in second part.  The last part is structure of simulation program, 
which consists of numerical technique and input/output management. 
 
3.1 Brief of drying theory 
 
In this dissertation, the object to model is the multi-cylinder dryer of a paper 
machine.  The fundamental of drying theory and basic knowledge of drying 
process will be assumed as prerequisite.  However, some of the basics of 
dryer model formulation will be reviewed.  
 
Paper is a hygroscopic material.  The transfer of moisture between the paper 
and the surrounding atmosphere always takes place unless the sheet is in 
equilibrium with the surrounding.  However, the amount of water present in 
the paper at equilibrium conditions depends upon whether it has been taken 
up or given off by the paper.  This hysteresis phenomenon is known for many 
other hygroscopic substances.  The sorption behavior of a paper in drying 
process as shown in Figure 3.1 has reached equilibrium moisture content by 
wetting and drying, which will be difference at the same humidity.  There is 
no satisfactory theory or empirical model to explain the hysteresis.  Many 
experiments from literature [31,38,55,58,59] have suggested explanations for 
this phenomenon.  Wilhelmsson [135] presented that the time required for a 
porous material to reach its equilibrium state is very long.  Since the drying in 
the multi-cylinder dryer section is a rapid process, it has been suggested that 
the equilibrium state is never reached.  The other hypothesis suggests that 
evaporation and condensation phenomena are irreversible.  In drying process 
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(desorption), a full wetting of capillary walls occurs.  On the other hand, 
during the wetting process (sorption), the capillary walls are gradually 
covered with a layer of liquefied vapor, but the meniscus is not formed until 
the adsorption layer is sufficiently thick to close the pore at the narrowest 
point. 
 
The drying cycle of paper is divided into three fairly distinct stages, as for 
most materials.  The first stage is called warming-up stage, where the paper 
web temperature and drying rate gradually increase and come close to a 
constant rate condition until heat demand for evaporation and losses comes to 
an equilibrium with heat supply.  At this condition, the second drying stage 
begins, which is called constant drying rate.  During this period, water 
evaporates from the paper surface and the diffusion of moisture from the 
inside sheet of paper is fast enough to keep up with the vapor-removal rate 
from the sheet surface.  For the warming-up and constant-rate stages, the 
evaporating water, which evaporates at the sheet surface, is free water.  The 
heat required for this process is latent heat.  When the rate of diffusion cannot 
keep up with the rate of evaporation, the drying plane recedes into the sheet 
and the falling-rate stage begins.  On various paper grades, the drying rate is 
fairly constant up to 10 to 15% moisture content, after that, it decreases 
rapidly.  The moisture content in the period of falling-rate can be also called 
critical moisture content (CMC), which can be used to specify a tuning point 
of calculating formulation in a mathematic model for drying process. 
 
The falling-rate drying period can be divided into three phases.  The behavior 
of moisture movement is not yet well understood.  It is generally accepted 
that the capillary action and diffusion inside the fibers are responsible for the 
first and second falling-rate period in drying process, respectively.  After the 
two phases, the paper sheet is almost called oven-dry. In the last phase of 
falling-rate, it breaks up the strong chemical bonds and removes the final 
molecules of water, which is not significant for paper drying process because 
all investigations are done with samples in the equilibrium condition that take 
a long time. It may take several days.  But, the real drying process, which 
occurs in the drying section of a paper machine, is very fast.  From 
investigation of machine in this work, the paper web runs through the 
completely drying section in only 19 seconds. From that it can be inferred that 
this actual paper drying process will never reach an equilibrium stage [135].  
However, the sorption phenomena are still important in mathematical models 
that are used to specify the point of Critical Moisture Content in the drying 
process.  After moisture content in paper web reached the CMC (Critical 
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Moisture Content), the drying rate changes, then moisture calculation turns 
from free water mode into bound water mode. 
  
 
Figure 3.1 Trend of sorption phenomenon for paper sample 
 
However, the sorption phenomena are still important in mathematical models 
that are used to specify the point of Critical Moisture Content in the drying 
process.  After moisture content in paper web reached the CMC (Critical 
Moisture Content), the drying rate changes, then moisture calculation turns 
from free water mode into bound water mode. 
 
In order to design the drying section for a paper drying process, not only 
dimensions of the structure need to be specified but also the steam pressure 
that contributes to each group of cylinder must be identified for an optimum 
drying process temperature.  What is the best temperature profile along a 
drying section?  The answer depends on the paper grade and drying capacity 
need and on the geometric size of each machine.  As a rule, the maximum 
temperature of dryer cylinder should be as low as possible, but there are 
many areas in the drying section, which depend on local limitation conditions 
such as, at the wet end, the first enter of the paper web to the drying section.  
The drying rate must not be too high because the paper web surface will be 
over-dried, the diffusion of water from inside to surface then is poor, and the 
shrinkage will be fast and cause damage to the paper.  At the end of the 
drying section, due to the CMC, the temperature of dryer cylinder must be 
high enough to beat the bond water energy.  The situations will be included in 
the mathematical model and will be simulated in every condition. 
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Figure 3.2 General process diagram of paper drying [55] 
 
3.2 Mathematical models for drying section 
 
Mathematical models for a simulation program in this dissertation have been 
divided into three parts in order to simplify the presentation.  The drying 
model is the main mathematical model for simulation and the other two 
models have relative with main model.  The geometric model enables the 
simulation model to be simulated with variable machine geometry and the 
thermodynamics model calculates exactly the energy consumption of the 
drying process.  The drying model in this work is not new.  Successful models 
from previous works are analyzed and then developed to use for this work.  
The thermodynamics model for paper drying process is not an innovative 
model either.  The analysis and formation of energy consumption of the paper 
machine’s drying section is well-known, because the drying section of paper 
machines is renowned for its energy intensive process for a long time. 
 
3.2.1 Drying model 
 
The main functions of a drying model are to specify moisture and 
temperature of the paper web and the dryer cylinder at any point in the 
drying path.  The first input into the calculation model is the moisture 
content.  This parameter is normally in the form of percentage with dry basis 
or wet basis.  This work uses the form of wet basis in the whole model.  
However, the wet basis water content must be converted to a form of 
moisture ratio to use in calculation sequences.  When the wet and the dry 
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basis water content are converted to moisture-ratio, they are equal and have 
the same unit ( 𝑘𝑔𝑤/𝑘𝑔𝑑𝑝 ).  Formulations for the moisture ratio ui are shown 
in equation (3.1) for wet basis and (3.2) for dry basis. 
 
𝑢𝑖 =
% 𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡
100 − % 𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡
 (3.1) 
 
 
𝑢𝑖 =
100 − % 𝑆𝑜𝑙𝑖𝑑 𝐶𝑜𝑛𝑡𝑒𝑛𝑡
% 𝑆𝑜𝑙𝑖𝑑 𝐶𝑜𝑛𝑡𝑒𝑛𝑡
 (3.2) 
 
Moisture content in paper web will always change along the drying process 
due to evaporation.  The change of moisture content has an effect changing 
the physical properties of the paper web, such as density, thickness, and 
specific heat, which have an influence on numerical solutions for the next 
point in the drying path.  A discussion of the variations in physical properties 
that are caused by moisture and temperature is presented in section 3.3. 
 
The paper drying process, especially for multi-cylinder dryer, can be divided 
into two cases for two different dryer configuration designs.  The single-felted 
configuration has two phases of drying on one dryer cylinder, while four 
phases of drying exist on one dryer cylinder in the double-felted 
configuration.  The drying path is a track, which the paper web follows 
through the drying phases.  Nissan has presented the phase of drying along a 
multi-cylinder system [91, 92].  These four phases of drying are very well 
known in the formulation of a general model for paper drying.  Nevertheless, 
in actual and present geometry design, the drying phase has a specific detail 
that must be analyzed for discrete boundary conditions.  Then the drying 
phases on single-felted and double-felted configurations should be presented 
separately as follows. 
 
3.2.1.1 Drying phases in single-felted configuration 
 
In modern drying section design, the single-felted configuration is used at the 
beginning of the drying section, in order to help the drying process to have 
more runnability at high-speed production.  Deeper details on the design of 
multi-cylinder dryers can be found in section 2.1.3 in chapter 2.  The division 
of drying phases in a single-felted configuration is presented in Figure 3.3.  By 
physical outlook, the drying phases pro cylinder can be divided into two 
phases plus one phase for loss surface, phase 3.  Phase 2 is open draw, in 
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which the paper web and the dryer fabric run together. The evaporation form 
paper occurs in two sides, but at the drying fabric contact side the evaporating 
is lower than at the air contact side due to mass transfer friction through the 
drying fabric. 
 
Figure 3.3 Division of drying phases in single-felted configuration 
 
Theoretically, for the single-felted or single tier configuration, most of lower 
row cylinders are suction rolls and the size of rolls are mostly smaller than the 
dryer cylinders.  But, in practice, it can be found that the lower row is also a 
dryer cylinder or free cylinder (un-heated dryer cylinder).  Then, the all-
possible situation modes of calculation must be classified and included in the 
mathematical model.  The classification of interface modes is presented in 
Table 3.1. 
 
The free draw drying phase of all modes is always the same because the 
contact of paper web with drying fabric is always contact with the same side.  
The upper dryer cylinders have the same drying interface in drying phase 1.  
The difference between heated and un-heated cylinders relies only on the heat 
transfer source, but the drying interface is the same.  However, this drying 
mode classifies in different modes due to the heat transfer calculation’s 
module.  The un-heated cylinder on the upper row has not been often found, 
but in the literature they exist in some paper machines [106,107,114].  The 
drying phase classification of a single-felted configuration can also be done 
using a single tier configuration.  The length of drying phase depends on the 
geometric dimension of the drying section.  Mostly, in literature the warp 
angle is used to calculate the drying phase length [120,121]. This is directly 
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input from machine data.  A discussion in detail about the phase length 
calculation method by geometric analysis is presented in section 3.2.2.  
 
 
Table 3.1 Classification of possible mode of calculation for single-felted configuration 
Dryer Cylinder Mode
Phase 1 Phase 2 Phase 3
Upper Heated Cylinder C - P - F - A A - P - F - A C - A
Upper Un-heated Cylinder C - P - F - A A - P - F - A C - A
Lower Heated Cylinder C - F - P - A A - P - F - A C - A
Lower Un-heated Cylinder C - F - P - A A - P - F - A C - A
Lower Suction Roll R - F - P - A A - P - F - A C - A
Drying Interface
A: Air, P: Paper, F: Fabric, C: Dryer Cylinder and R: Suction Roll
 
 
 
3.2.1.2 Drying phases in double-felted configuration 
 
The double-felted configuration is more complicated than the single-felted.  
Not only the diameter and relative position of dryer cylinder but also the 
position arrangement of fabric rolls is influenced by the drying phase length.  
However, before the calculation of the drying phase length, the classification 
of the drying phase on double-felted drying cylinder must be identified.  
Figure 3.4 shows the division of drying phases on the surface of a dryer 
cylinder in a double-felted configuration.  The diagram of this drawing was 
taken from an actual drying section.  Clearly, the outlook from this drawing 
shows that the drying phase length is not symmetrical and has individual 
characteristics.  The drying fabric has contact with the paper web only on the 
dryer cylinder surface, while in a free draw the paper web has enough 
strength to run without a drying fabric. Evaporation is increased because both 
sides of the paper surfaces have direct contact with air. A possible way to 
calculate is presented in Table 3.2, where the drying interface is also present.  
 
The sequences of calculation mode for each phase on double-felted 
configuration are symmetry for upper and lower row of dryer cylinder, 
because the paper web is always in direct contact with the dryer cylinder 
surface.  However, the difference lies on the length of the drying phase and 
the change in the contact side of the paper web that must be addressed in the 
mathematical model separately.  The four phases division of drying phase is 
well-known from works of Nissan [91,92] and was applied in many successful 
models in the field of paper drying.   
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Figure 3.4 Division of drying phases in double-felted configuration 
 
 
Table 3.2 Classification of possible mode of calculation for double-felted configuration 
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Upper Heated Cylinder C - P - A C - P - F - A C - P - A A - P - A C - A
Upper Un-heated Cylinder C - P - A C - P - F - A C - P - A A - P - A C - A
Lower Heated Cylinder C - P - A C - P - F - A C - P - A A - P - A C - A
Lower Un-heated Cylinder C - P - A C - P - F - A C - P - A A - P - A C - A
Drying Interface
A: Air, P: Paper, F: Fabric, C: Dryer Cylinder
Dryer Cylinder Mode
 
 
The phase of drying begins at phase 1, where is the first contact point with the 
dryer cylinder.  Along this phase, the drying fabric is not yet in contact with 
the outer paper web surface.  Then, for the drying phase 1, the outer surface of 
the paper web is still in direct contact with air.  The drying phase 2 begins 
when the drying fabric touches the outer paper web surface.  This drying 
phase has the same characteristics as phase 1 in the single-felted 
configuration.  That means that some drying calculation modes can be used 
together, that is good for the development of a simulation program.  The 
drying phase 3 has also same characteristics as the drying phase 1.  The 
boundary condition and calculation module can be used together.  The drying 
phase 4 is free draw in air.  The paper web now runs without drying fabric.  
All of drying interfaces will be analyzed and the boundary conditions will be 
formulated in the next section. 
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3.2.1.3 Heat transfer modes for drying phases 
 
In the paper drying process, heat and mass transfer occur simultaneously and 
their amounts are subject of calculation.  The actual geometry of the dryer 
cylinder is cylindrical.  Then, the other interfaces inside and outside cylinder 
wall have also a cylindrical form, as shown in Figure 3.5.  In the case of heat 
transfer conduction from inside of dryer cylinder to outside, the boundary 
condition should actually use cylindrical coordinates (r, Φ, z) as a differential 
control volume.  But, the thickness of each medium is very thin when 
compared to the dryer cylinder diameter and heat transfer conduction is one 
dimension, which is perpendicular to the paper web in direction y. Then it 
can be assumed that the cylinder shell is a flat surface.  The difference of 
calculation results is not significant, when compare from cylindrical 
coordinates and it makes the mathematical model not too complicate with 
cylindrical differential formulations.  This assumption has also used in most 
literatures such as [88,89].  For a multi-cylinder drying process, the system is 
divided into two systems; there are the dryer cylinder and paper web system. 
 
 
 
Figure 3.5 Heat transfer interface diagram for drying phases 
 
The heat source for the drying process is saturated steam inside drying 
cylinder.  The basic fundament for this process is only that latent heat from 
steam is used to evaporate water within the paper web.  The heat transfer 
mode is unsteady state heat conduction.  The basic equation for dryer cylinder 
system is presented in equation (3.3) and in equation (3.4) for paper web 
system.  These equations are one-dimensional  
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𝜕𝜗𝑐
𝜕𝑡
=
𝑘𝑐
𝜌𝑐 ∙ 𝐶𝑝 ,𝑐
∙
𝜕2𝜗𝑐
𝜕𝑧𝑐
2  (3.3) 
 
𝜕𝜗𝑝
𝜕𝑡
=
𝑘𝑝
𝜌𝑝 ∙ 𝐶𝑝 ,𝑝
∙
𝜕2𝜗𝑝
𝜕𝑧𝑝
2  (3.4) 
 
The parameters such as kx, ρx and Cp,x are physical properties of cylinder and 
paper.  These parameters are constant for dryer cylinder, while for paper web, 
these parameters are variable depending on moisture content and 
temperature of paper web.  The detail and discussion of physical properties of 
materials in drying processes are presented in section 3.3.  In this section, the 
application of boundary conditions to solving main equation (3.3) and (3.4) 
will be discussed.   
 
 
Figure 3.6 Temperature profile and heat transfer in the cross-section of a dryer cylinder 
 
With a focus on the dryer cylinder, heat transfer through a dryer cylinder is 
presented in Figure 3.6.  Because the drying section of the paper machine 
consists of many dryer cylinders, which have an individual parameter to 
calculate each surface of cylinder always rotates and contacts with many 
different drying phases of the paper web.  Although the steam supply inside 
of each dryer cylinder is constant, with variable surface conditions the 
temperature and heat flux at surface are always different.  The cylinder model 
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gives advantage to calculate heat flux and local temperature on surface during 
contact with the paper model. 
 
3.2.1.4 Boundary condition for cylinder model 
 
Steam – Condensate – Cylinder Interfaces (1st Boundary condition) 
 
Steam is supplied continuously to the dryer cylinder and it is assumed to be 
saturated.  The boundary layer in the steam heated dryer cylinder consists of 
saturated steam, condensate film and cylinder shell.  The condensate 
coefficient is a tuning parameter of this model.  It depends upon many factors 
such as siphon type, differential pressure, rotational speed, condensate layer 
thickness, etc. For the inner cylinder surface boundary condition, the heat 
transfer resistances from steam and condensate are lumped into the heat 
transfer coefficient 𝑕𝑠𝑐 .  The original boundary condition of steam-condensate-
cylinder interface is taken from Wilhelmsson [135] and is presented in 
equation (3.5).    
 
−𝑘𝑐  
𝜕𝜗
𝜕𝑧
 
𝑧𝑐=0
=  𝑕𝑠𝑐 ∙  𝜗𝑠 − 𝜗𝑐 ,0  (3.5) 
 
At paper-cylinder contact surface, the temperature of dryer cylinder-paper is 
needed.  Then, the partial differential equation for the boundary condition can 
be formulated as shown in equation (3.6). 
 
𝑕𝑠𝑐 ∙  𝜗𝑠 − 𝜗𝑐 ,0 = −𝑘𝑐  
𝜕𝜗
𝜕𝑧
 
𝑧𝑐=0
= −  
𝑘𝑐
𝑑𝑐
∙  𝜗𝑐 ,0 − 𝜗𝑐 ,𝑑𝑐  (3.6) 
 
The condensate heat transfer coefficient and thermal conductivity of cylinder 
shell are lumped together as shown: 
 
1
𝑕𝑠𝑐
=
1
𝑕𝑠𝑐
+
1
𝑘𝑐
𝑑𝑐
 
 
Then 
 
𝑕𝑠𝑐 =
𝑕𝑠𝑐 ∙
𝑘𝑐
𝑑𝑐
𝑕𝑠𝑐 +
𝑘𝑐
𝑑𝑐
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Then, energy balance for this surface is applied as equation (3.7). 
 
 𝑕 𝑠𝑐 ∙  𝜗𝑠 − 𝜗𝑐 ,𝑑𝑐 = −
𝑘𝑐
𝑑𝑐
∙  𝜗𝑐 ,0 − 𝜗𝑐 ,𝑑𝑐  (3.7) 
 
Finally, the boundary condition for the steam-condensate-cylinder interfaces 
becomes: 
 
𝑕𝑠𝑐 ∙  𝜗𝑠 − 𝜗𝑐 ,𝑑𝑐 = −𝑘𝑐
 𝜕𝜗
𝜕𝑧
 
𝑧𝑐=0
= −  
𝑘𝑐
𝑑𝑐
∙  𝜗𝑐 ,0 − 𝜗𝑐 ,𝑑𝑐  (3.8) 
 
Cylinder – Air Interface (2nd Boundary condition) 
 
When the cylinder surface contacts directly the surrounding air, the boundary 
condition can be presented as in equation (3.9).  The convective heat transfer 
coefficient is simply calculated as equation (3.10) since it has no mass transfer 
across the boundary layer. 
 
−𝑘𝑐  
𝜕𝜗
𝜕𝑧
 
𝑧𝑐=𝑑𝑐
=  𝑕𝑐𝑎 ∙  𝜗𝑐 ,𝑑𝑐 − 𝜗𝑎  (3.9) 
 
𝑕𝑐𝑎 =
𝑁𝑢𝑐𝑎 ∙ 𝑘𝑎
𝐿𝑐𝑎
 (3.10) 
 
3.2.1.5 Boundary condition for cylinder-paper interface 
 
Cylinder – Paper Interface (3rd Boundary condition) 
 
The cylinder-paper interface is the important contact in order to investigate 
supply heat requirement across the boundary layer.  The boundary condition 
equation was shown in equation (3.11).  The contact heat transfer coefficient 
has influence on the correction of temperature result.  It was a subject of 
investigation in literature such as in Asensio [6], Karlsson [60], Lee [75], 
Nilsson [89], and also in Wilhelmsson [135].  For this work, the method to 
determine the contact heat transfer coefficient was taken from previous 
works.  The review of contact heat transfer coefficient is stated on section 3.3.2 
and the contact heat transfer equation is shown in equation (3.11). 
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−𝑘𝑐  
𝜕𝜗
𝜕𝑧
 
𝑧𝑐=𝑑𝑐
=  𝑕𝑐𝑝  𝑢 ∙  𝜗𝑐 ,𝑑𝑐 − 𝜗𝑝 ,0 = −𝑘𝑝 𝑢 
 𝜕𝜗
𝜕𝑧
 
𝑧𝑝=0
 (3.11) 
 
Cylinder – Fabric – Paper Interfaces (4th Boundary condition) 
 
It is the same way as with the contact heat transfer coefficient at paper-
cylinder contact.  This boundary applies for single-felted or single tier 
configuration.  The temperature gradient is greater due to the resistance of the 
dryer fabric.  The contact heat transfer coefficient 𝑕𝑐𝑓𝑝  is lumped in a similar 
way as the condensate coefficient inside the dryer cylinder.  The value was 
taken from the previous literature as 300 W/m2 °C [135]. 
 
 
−𝑘𝑐  
𝜕𝜗
𝜕𝑧
 
𝑧𝑐=𝑑𝑐
= 𝑕𝑐𝑓𝑝 ∙  𝜗𝑐 ,𝑑𝑐 − 𝜗𝑝 ,0 =  −𝑘𝑝 𝑢 
 𝜕𝜗
𝜕𝑧
 
𝑧𝑝=0
 (3.13) 
 
 
𝑕𝑐𝑓𝑝 = 300 𝑊/𝑚
2 ∙ 𝐾 
 
 
3.2.1.6 Boundary condition for paper model 
 
The boundary conditions for a paper model consist of two boundaries, where 
heat and mass transfer occur simultaneously.  For a paper model, the heat and 
mass transfer are calculated simultaneously.  The model equation is presented 
below. 
 
Paper – Air Interface (5th Boundary condition) 
 
𝑚 𝑝𝑎  𝜗𝑝 ∙ 𝜆 = −𝑘𝑝 𝑢  
𝜕𝜗
𝜕𝑧
 
𝑧𝑝=𝑑𝑝
−  −𝑘𝑏−𝑙 𝑢  
𝜕𝜗
𝜕𝑧
 
𝑧𝑏−𝑙=0
  (3.14) 
 
When the correlation convective heat transfer coefficient is applied to 
equation (3.14), the modified equation is shown as in equation (3.15). 
 
𝑚 𝑝𝑎  𝜗𝑝 ∙ 𝜆 = −𝑘𝑝 𝑢  
𝜕𝜗
𝜕𝑧
 
𝑧𝑝=𝑑𝑝
+ 𝑕𝑝𝑎
∗ ∙  𝜗𝑎 − 𝜗𝑝 ,𝑑𝑝  (3.15) 
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The complex geometry of the drying section causes many problems in 
calculating of the heat transfer coefficients.  This topic was explored by many 
literatures [34,38,60,61], which declared that the system should be assumed as 
a parallel flow pass through a flat plate.  The correlation of Nusselt number 
can be simply calculated, which can be found in section 3.3.4.  The modified 
convective heat transfer coefficient which combined mass transfer 
simultaneous is presented as equation (3.16).  The term 
𝑚 𝑝𝑎
𝐴
 is the evaporating 
mass flow which is presented in section 3.1.2.7 in equation (3.20). 
 
𝑕𝑝𝑎
∗ =
𝑚 𝑝𝑎
𝐴
∙ 𝐶𝑝 ,𝑣
±  𝑒𝑥𝑝  ±
𝑚 𝑝𝑎
𝐴
∙
𝐶𝑝 ,𝑣
𝑕𝑝𝑎
 − 1 
 (3.16) 
 
Temperature difference between the paper surface and the surrounding air is 
the condition for equation (3.16).  The temperature condition cases are stated 
as following: 
 
𝜗𝑝 < 𝜗𝑎 : " + "   
 
𝜗𝑝 > 𝜗𝑎 : " − "   
 
Paper – Fabric – Air Interface (6th Boundary condition) 
 
When the paper web surface is covered by a dryer fabric, the heat and mass 
transfer from paper to air is affected negatively because the dryer fabric acts 
as an additional resistance.  The boundary condition for paper-fabric-air 
interfaces is similar to equation (3.15) but the convective heat transfer 
correlation  𝑕𝑝𝑓𝑎
∗   used instead as shown in equation (3.17). 
 
𝑚 𝑝𝑓𝑎  𝜗𝑝 ∙ 𝜆 = −𝑘𝑝 𝑢  
𝜕𝜗
𝜕𝑧
 
𝑧𝑝=𝑑𝑝
+ 𝑕𝑝𝑓𝑎
∗ ∙  𝜗𝑎 − 𝜗𝑝 ,𝑑𝑝  (3.17) 
 
The correlation of convective heat transfer coefficient at paper-fabric-air 
interface is presented in equation (3.18). 
 
𝑕𝑝𝑓𝑎
∗ =
𝑚 𝑝𝑓𝑎
𝐴
∙ 𝐶𝑝 ,𝑣
±  𝑒𝑥𝑝  ±
𝑚 𝑝𝑓𝑎
𝐴
∙
𝐶𝑝 ,𝑣
𝑕𝑝𝑓𝑎
 − 1 
 (3.18) 
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The original convective heat transfer coefficient is assumed to be the same as 
in the paper-air interface. 
 
𝑕𝑝𝑓𝑎 = 𝑕𝑝𝑎  (3.19) 
 
3.2.1.7 Mass transfer model 
 
The evaporation rate is value needed as the calculation result.  In the drying 
process, mass transfer occurs simultaneously with heat transfer.  The 
calculation of mass transfer calculates then the local temperature from heat 
transfer model.  In original model, Wilhelmsson [135] assumed that all the 
evaporation takes place on the surface of paper web.  This assumption is also 
used in the present model.  Stefan Equation as shown in equation (3.20) is 
used to calculate the evaporation rate per unit area of the paper web surface. 
 
𝑚 𝑒𝑣
𝐴
=
𝐾𝐺 ,𝑝𝑎 ∙ 𝑀𝑤 ∙ 𝑃𝑡𝑜𝑡
𝑅𝑣 ∙ 𝜗𝑝𝑎
∙ ln 
𝑃𝑡𝑜𝑡 − 𝑝𝑣𝑎
𝑃𝑡𝑜𝑡 − 𝑝𝑣𝑝 ,0
  (3.20) 
 
 
𝑚 𝑒𝑣
𝐴
≈
𝐾𝐺 ,𝑝𝑎
𝑅𝑣 ∙ 𝑇𝑝𝑎
∙  𝑝𝑣𝑝 ,0 − 𝑝𝑣𝑎  (3.21) 
 
The mass transfer coefficient is used consistently in Stefan Equation.  It can be 
calculated from two difference formulations as in equation (3.22) and (3.23).   
 
 
𝐾𝐺 ,𝑝𝑎 =
𝑕𝑝𝑎
∗
𝜌𝑎 ∙ 𝐶𝑝 ,𝑎 ∙ 𝐿𝑒
2/3
 (3.22) 
 
 
When Le is Lewis number 
 
𝐿𝑒 =
𝛼
𝐷𝑤𝑎
=
𝑆𝑐
𝑃𝑟
  
 
The mass transfer coefficient from equation (3.22) was used many time in 
prior literature with the purpose of not combining the more complicated 
calculation step [60,61,88,89].  The diffusion coefficient of water vapor to air 
was assumed to be constant then the numerical calculation is simpler and the 
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calculation faster.  Then, the result response is fast enough to use as feedback 
control in the controlling unit. 
 
For this work, the purpose to build a machine designing tool has no problem 
with the calculation time of the simulation program.  The more complicated 
mass transfer model with actual possible variables makes the results more 
reliable. The mass diffusivity coefficient of water vapor to air is taken from 
Welty et al. [132] and shown as equation (3.24) 
 
𝐾𝐺 ,𝑝𝑎 (𝜗𝑎) = 𝑆𝑕(𝑇𝑎) ∙
𝐷𝑤𝑎  𝜗𝑎 
𝐿𝑝
 (3.23) 
 
𝐷𝑤𝑎  𝜗𝑎 =
0.001858 ∙ 𝜗𝑎
3/2 ∙  
1
𝑀𝑤
+
1
𝑀𝑎
 
1/2
𝑃𝑡𝑜𝑡 ∙ 𝜍𝑤𝑎
2 ∙ Ω𝐷
 
(3.24) 
 
When Mw and Ma is molecular weight of water and air respectively.  The 
temperature is the surface paper temperature that has contact with air and it 
is included in the case of paper-felt-air interfaces.  The equation consists of 
two more variable parameters; the collision diameter and the collision integral 
for molecular diffusion.  These parameters are interpolated from appendix 
table K2 and appendix B in Welty et al. [132] respectively.   
 
Sherwood’s number for mass transfer coefficient in equation (3.23) can be 
calculated as in the following equation. 
 
𝑆𝑕 = 𝑁𝑢 ∙  
𝑆𝑐
𝑃𝑟
 
1/3
  
 
3.2.2 Geometric model 
 
Most multi-cylinder drying sections of paper machines consist of 2 patterns of 
machine configuration.  They are the single-felted and the double-felted 
configuration.  In the first step of the simulation of the drying section there is 
a need to know exactly the length of each drying phases.  Moreover the 
simulation program needs to prepare itself the sequence of the next 
calculation step.  That means that the whole geometry of the drying section 
must be calculated first and then can be used flexibly when some dimension 
parameters are varied (when a new geometric dimension is applied).  Then, 
the geometry model is required to calculate the dimension parameters. 
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The main objective of the geometric model is to build a new trend of 
multipurpose simulation model for the multi-cylinder drying section of a 
paper machine.  The advantage of this model is the flexibility to vary the 
calculation parameters such as structure dimension, the type of drying section 
configuration and the order of machine arrangement.  The geometric model 
can help the main simulation program to recognize the sequence of drying 
phase and the steps of calculation in the whole drying process.  We can use 
the same simulation program with other multi-cylinder drying sections of 
different paper machines.  Users just give an input of new machine 
dimensioning data for the geometric model then all drying phase length and 
sequence is calculated. 
 
The method to analyze the geometric parameters of multi-cylinder drying 
section structure is based on the Pythagorean Theorem.  The main geometrical 
form in the multi-cylinder drying section is a cylinder (in 3 dimensions 
geometry) but for an analysis of the distance from point to point, this case 
uses only 2 dimensions, then a circle is the main geometry for investigation.  
From literature [127,138,142] and from the paper manufacturer who 
cooperated with this research, the machine drawing could be found and 
analyzed.  In practice, we can measure the distance from point to point 
directly from the drawing and use it simply in the calculation model.  But one 
thing must be managed carefully because the distance of circle-contact line 
from one circle to another circle is difficult to measure and always gives some 
error of distance.  The best way to manage is evaluate it in the calculation.  
Not only can we benefit with the results of distance from point to point in 
individual machine from calculation model but we also can use the same 
geometric model for every paper machine structure that consists of a multi-
cylinder drying system. 
 
3.2.2.1 Geometry Model for Single-Felted Configuration 
 
To begin with the conventional single-felted configuration of a drying section 
is shown in figure 3.7.  The center of each circle is the origin of a line that 
belongs to triangles.  The analysis of the geometry requires only the 
dimensions of x and y axis of each center point of the cylinder.  Then, the 
distance AA and X1D are needed from the machine drawing.  The main 
triangle AAD is now established between the three center points of the drying 
cylinder.  When the cylinder arrangement is symmetrical, we can analyze for 
only one side as shown in Figure 3.7.  But, when the dryer cylinders are not 
symmetrical, the calculation must take place at both sides of the cylinder.  The 
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calculation procedure is always the same.  In single-felted configuration the 
drying fabric and the paper web always run together and the thickness of the 
drying fabric and the paper web are very thin in comparison to the dryer 
cylinder diameter, and then the effect of thickness on arc length can be 
ignored.  The surface line I-B-C-E-F-H on the Figure 3.7 represents the length 
of the paper web and the drying fabric simultaneously.  
 
When paying attention to cylinder 1 and cylinder 2, the paper web and the 
drying fabric run over the surface of upper cylinder 1 from point I to point B 
then leave the cylinder 1 on open draw through the air and reach the lower 
cylinder 2 at point C.  The web and fabric then run over the lower cylinder 
surface to point E, the end point of one web transfer cycle.  The main triangle 
AAD now can be reduced to AX1D for the geometric analysis.  The analytical 
formulations are shown as follows. 
 
𝐴𝐷 =    𝑋1𝐴 
2 +  𝑋1𝐷 
2 (3.25) 
 
 
 
 
Figure 3.7 Graphical modeling for the conventional single-felted configuration drying 
cylinders 
 
When AB is the radius of cylinder 1 and DC is the radius of cylinder 2 then 
they can be replaced with R1 and R2 respectively.  Based on the Pythagorean 
Theorem, the relation of equivalent sides on a rectangle triangle for triangle 
ABXP and DCXP that are built along the line AD can be demonstrated as 
following. 
θ1
θ4
θ2
θ3
β
A
D
B
C
L
P
A
LPC
RC
F
E
A X1
H
LLoss
I
XP
Cylinder 1
Cylinder 2
Cylinder 3
Moving Direction
Moving Direction
β
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𝑅2
𝑅1
=
𝑋𝑃𝐶
𝑋𝑃𝐵
=
𝑋𝑃𝐷
𝑋𝑃𝐴
 (3.26) 
 
The length of XPA must be the first part to formulate. The length XPD is 
substituted by AD - XPA then the length XPA can be calculated exactly by 
equation (3.28). 
 
𝑅2
𝑅1
=
𝐴𝐷 − 𝑋𝑃𝐴
𝑋𝑃𝐴
 (3.27) 
 
𝑋𝑃𝐴 =
𝐴𝐷
 
𝑅2
𝑅1
+ 1 
 (3.28) 
 
The length XPD can be calculated in the same way as XPA, the equation 
becomes equation (3.5) but for simplification reasons the calculation will run 
on equation (3.30) instead.  
 
𝑋P𝐷 =
𝐴𝐷.  
𝑅2
𝑅1
 
 
𝑅2
𝑅1
+ 1 
 (3.29) 
 
𝑋𝑃𝐷 = 𝐴𝐷 − 𝑋𝑃𝐴 (3.30) 
 
The components of the two rectangle triangles; XPA and XPD that are 
grounded on the base line AD are already established.  Then, the next step is 
formulating an equation to calculate the length of XPB and XPC.  The sum of 
these two components is the exact paper web length in free draw from point B 
to C.  The length BC is the length of the first drying phase, LPF of single-felted 
configuration drying cylinder.  The formulation is presented as follows. 
 
𝑋𝑃𝐵 =   𝑋𝑃𝐴 
2 −  𝐴𝐵 2 (3.31) 
 
𝑋𝑃𝐶 =   𝑋𝑃𝐷 
2 −  𝐷𝐶 2 (3.32) 
 
𝐵𝐶 =  𝐿𝑃𝐹 = 𝑋𝑃𝐵 + 𝑋𝑃𝐶 (3.33) 
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The previous formulation has the object to find the free draw length of paper 
web and is presented in equation (3.33).  The contact length of the drying 
phase on the cylinder surface can be formulated with relation to the angle 
between the rectangle triangles.  First, the main angle θ3 and θ4 must be 
calculated as shown in equation (3.34) and (3.36). 
 
𝜃3 = cos
−1  
𝑋1𝐷
𝐴𝐷
  (3.34) 
 
𝜃4 = cos
−1  
𝑋1𝐴
𝐴𝐷
  (3.35) 
 
𝜃4 = 90° − 𝜃3  (3.36) 
 
The line AX1A is the x-axis reference plan to calculate the internal angle in 
triangle AX1D.  The angle θ1 is the target to calculate arc length BI but it is 
necessary to evaluate the angle θ2 before this step. 
 
𝜃2 = cos
−1  
𝑅1
𝑋𝑃𝐴
  (3.37) 
 
Then, the reference angle θ1 from AB to the reference base line AA is presented 
by the next equation. 
𝜃1 = 𝜃4 − 𝜃2 (3.38) 
 
The arc length BI is the length of paper web and drying fabric contact with the 
drying cylinder.  On the most of the drying section configurations, the contact 
angle on the left and right sides of the same cylinder are symmetrical except 
on the first and last drying cylinders.  The connection geometry between 
cylinders configurations will be considered in the next part.  The angle β is the 
angle of contact length on the dryer surface, which can be calculated with 
equation (3.39).  Then, the length BI on conventional single-felted 
configurations can be formulated as follows. 
 
𝛽 = 2𝜃1 + 180° (3.39) 
 
𝐵𝐼 =  𝐿𝑃𝐶 =
𝜋 ∙ 𝑅1 ∙ 𝛽
180°
 (3.40) 
 
Therefore, the contact length on the air side of the cylinder surface can be 
simply calculated with equation (3.41). 
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𝐿𝑙𝑜𝑠𝑠 =  2𝜋𝑅1 − 𝐵𝐼 (3.41) 
 
These equations are combined into mathematic model and approved with 
many graphical models of single-felted configuration.  The geometric results 
of the computer graphic model completely agree with the mathematical 
model. 
 
The mathematical model can also be used with all type of single-felted 
configuration systems.  The single tier configuration as shown in Figure 3.8 is 
a developed version of a classical single-felted configuration, which is used 
for high speed paper machines.  The difference between a single tier 
configuration and a single-felted configuration is the lower cylinder rows.  
Single tier configurations use the vacuum roll instead of a drying cylinder.  
The roller diameter is smaller than a drying cylinder diameter.  We found 
that, there is no problem to use this calculation model with single tier 
configuration because the single tier configuration has the same number of 
drying phases as the single-felted configuration.  Only the geometric 
dimension of the lower cylinder is different.  The results of the mathematical 
model still completely agree with the computer graphic model.  Actually we 
can use the geometric model for single-felted and single tier configuration 
cooperatively.  Furthermore, the geometric model was tested with different 
drying cylinder arrangements in a computer graphic model.  The comparison 
of results from the calculation model and graphical measurement confirm the 
great precision and accuracy of the graphical model.  The method for analysis 
is reasonable and proved.  It can be further developed for usage in the more 
complicated double-felted configuration drying sections. 
 
Figure 3.8 Graphical modeling for single tier configuration drying cylinders 
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3.2.2.2 Geometry Model for Double-Felted Configuration 
 
The double-felted configuration of a drying section is more complicated than 
the single-felted configuration.  The drying phase length inside has more 
types of contact surface, such as with drying fabric, paper web, drying 
cylinders and rollers.  In free draw, the paper web runs individually without 
drying fabric, while at the contact surface with drying cylinder, the paper web 
and the drying fabric run together only during partial length along the 
cylinder surface.  The position of the drying fabric roller influences very much 
the geometry of the double-felted configuration drying section.  The analysis 
of geometry for this pattern must be consider the left and right sides of the 
drying cylinder separately because the position of the drying fabric roller is 
actually not symmetrical in the double-felted configuration.  Moreover, when 
the arrangement of rollers in the lower row of the drying cylinder is different 
from the upper row, then the upper and lower row must be calculated 
separately. In summary, we have to analyze 4 patterns in the double-felted 
configuration.  The details of length and angle components in upper cylinder 
are shown in Figure 3.9 and 3.10.  The geometry analysis of a double-felted 
configuration seems complicated and has many different parts but they are 
important for machine analysis and the understanding or knowledge for 
further design of better drying sections. 
 
 
Figure 3.9 Graphical modeling for analysis of conventional double-felted configuration 
upper cylinders 
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Attention must be paid on the double-felted configuration drying cylinder in 
Figure 3.9.  It shows the running path of the paper web on a double-felted 
configuration in the same way of a single-felted configuration.  The length of 
free draw BC is only for paper web without drying fabric.  The drying fabric 
leaves the drying cylinder and the paper web at point ML on the left side of 
upper cylinder and enters the drying cylinder after point MR on the right side 
of the upper cylinder.  The length FMR and BML are the lengths of paper web 
contact with the drying cylinder without drying fabric, which is different 
from the single-felted configuration and the exact length must be calculated.  
The model formulation still uses the same as in a single-felted configuration.  
In Figure 3.9, two more triangles were added to the graphical model, AX2RKR 
and AX2RKL that interfaced with the drying fabric roller.  These small triangles 
are subject to calculate the drying fabric length entering and leaving the 
drying cylinder and the position of the contact point on the drying cylinder.  
 
The geometrical analysis of a double-felted configuration begins in the same 
way as with the single-felted.  The values of θ1, θ2, θ3, θ4 and β can be also 
calculated with the same equations and sequences from prior single-felted 
formulations.  The length of free draw BC can still be calculated with equation 
(3.33).  The difference is in the calculation of the drying fabric contact length 
with the drying cylinder surface.  Consideration on paper web intake side for 
drying cylinder (on the right side of upper cylinder), which uses for calculate 
location of point MR.  On this side the reference triangle AKRX2R is built, it is 
connected with the center of the drying cylinder and the center of the roller, 
one side of this triangle is located along the base line AA. The angles θ5, θ6 and 
θ7 are relative angles with reference to the triangle AAD and the triangle 
AKRX2R.  The input data for calculation are the same as in the single-felted 
configuration but in this section two geometric parameters more must be 
added on x and y axis of the drying cylinder and the roller, they are ∆XCR = 
X2RA and ∆YCR = X2RKR respectively.  The formulation begins with the 
calculation of the length of paper web free draw BC, but the method is the 
same as with the single-felted, then this part can also use equation (3.25) to 
(3.33).  
 
The next formulation is the length AKR, which is the distance from the center 
of the drying cylinder to center of the roller and the base line for 2 reference 
triangles.  This section is subject to calculate the relative angle and contact 
length of the drying fabric along the cylinder surface.  Figure 3.10 shows the 
detail of components in one individual cylinder with the roller on the right 
and left.  The length AKR can be formulated as in equation (3.42). 
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Figure 3.10 Graphical modeling for individual double-felted upper drying cylinder  
 
 
 
𝐴𝐾𝑅 =    𝐴𝑋2𝑅 
2 +  𝐾𝑅𝑋2𝑅 
2 (3.42) 
 
Since AMR is the radius of the drying cylinder and KRLR is the radius of the 
drying fabric roller, then AMR and KRLR can be replaced with RC and Rr 
respectively.  The relation of equivalent sides on rectangle triangle for triangle 
AMROR and KLROR that are built along the line AKR can be presented as 
follows. 
 
𝑅𝑟
𝑅𝐶
=
𝑂𝑅𝐿𝑅
𝑂𝑅𝑀𝑅
=
𝑂𝑅𝐾𝑅
𝑂𝑅𝐴
 (3.43) 
 
 
For the calculation of the length LRMR, the length of ORA and ORKR must be 
calculated first because ORA and ORKR are components of AKR, then the length 
ORKR can be substituted by GKR - ORG then the length ORA can be calculated 
exactly by equation (3.45). 
 
 
𝑅𝑟
𝑅𝐶
=
𝐴𝐾𝑅 − 𝑂𝑅𝐴
𝑂𝑅𝐴
 (3.44) 
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𝑂𝑅𝐴 =
𝐴𝐾𝑅
 
𝑅𝑟
𝑅𝐶
+ 1 
 (3.45) 
The length ORKR can be actually calculated using the same format as ORA, the 
equation becomes equation (3.42) but to simplify the mathematical model will 
run on equation (3.47) instead.  
 
𝑂𝑅𝐾𝑅 =
𝐴𝐾𝑅 .  
𝑅𝑟
𝑅𝐶
 
 
𝑅𝑟
𝑅𝐶
+ 1 
 (3.46) 
 
𝑂𝑅𝐾𝑅 = 𝐴𝐾𝑅 − 𝑂𝑅𝐴 (3.47) 
 
The next step is calculation of the length ORMR and ORLR, the sum of these 
length components is the length of drying fabric free draw and then the 
contact point can be evaluated.   
 
𝑂𝑅𝑀𝑅 =   𝑂𝑅𝐴 
2 −  𝐴𝑀𝑅 
2 (3.48) 
 
𝑂𝑅𝐿𝑅 =   𝑂𝑅𝐾𝑅 
2 −  𝐾𝑅𝐿𝑅 
2 (3.49) 
 
𝐿𝑅𝑀𝑅 = 𝑂𝑅𝑀𝑅 + 𝑂𝑅𝐿𝑅 (3.50) 
 
The component sides of all reference triangles are yet to be evaluated.  The 
internal angle can be calculated with basic trigonometric functions as follow. 
 
𝜃5 = cos
−1  
𝐴𝑋2𝑅
𝐴𝐾𝑅
  (3.51) 
 
𝜃6 = cos
−1  
𝐴𝑀𝑅
𝐴𝑂𝑅
  (3.52) 
 
𝜃7 = 𝜃6 − 𝜃5 (3.53) 
 
The results of right side parameters are completed but the contact length of 
drying fabric along the surface of drying cylinder need the evaluation of 
component parameters on the left side.  To complete all parameters the 
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procedure like a right side calculation must be repeated.  The contact point 
and reference angles on the left side have a difference value from the right 
side but the formulation of calculating is the same and it can be also used 
together on the right and left side of lower cylinder. 
 
By repeating the calculation procedure of geometrical model, the final 
formulations for double-felted configuration upper cylinder left side are 
presented as follow. 
 
𝐿𝐿𝑀𝐿 = 𝑂𝐿𝑀𝐿 + 𝑂𝐿𝐿𝐿 (3.54) 
 
𝜃8 = 𝑐𝑜𝑠
−1  
𝐴𝑋2𝐿
𝐴𝐾𝐿
  (3.55) 
 
𝜃9 = 𝑐𝑜𝑠
−1  
𝐴𝑀𝐿
𝐴𝑂𝐿
  (3.56) 
 
𝜃10 = 𝜃9 − 𝜃8 (3.57) 
 
The results of θ7 and θ10 are the most important requirements for the 
mathematical model indeed.  Actually, the value of free draw length of drying 
fabric not used in the simulation model anymore but in the future it can be 
used as one design parameter in order to develop a drying fabric construction 
in a paper machine or calculate the area for the installation of a pocket 
ventilation box.  This subject is now not within the scope of this research.  The 
contact length of the drying fabric on the drying cylinder can be formulated 
with the relation from the previous reference angles from the single-felted 
configuration and the reference base line AA on x axis because θ7 and θ10 are 
the angles on the right and left side of the drying cylinder and reference 
directly on the base line AA.  The angle  can be formulated as follows. 
 
𝛼 = 180° − (𝜃7 + 𝜃10) (3.58) 
 
The arc length of the angle β with radius RC is exactly the contact length of the 
drying fabric on the upper drying cylinder.  This length of LFC is the 3rd phase 
of drying of the upper drying cylinder and its formulation is presented as the 
next equation. 
 
𝐿𝐹𝐶 ,𝑈 =
𝜋.𝑅𝐶 .𝛽
180°
 (3.59) 
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The drying phase 1 on the upper drying cylinder is the same as the result 
from equation (3.33).  When LPCR is the length of drying phase 2 and LPCL is 
the length of drying phase 4, they can be calculated with relation to θ1, θ7 and 
θ10.  The formulation can be explained by the next equations. 
 
𝐿𝑃𝐶𝑅 ,𝑈 =
𝜋.𝑅𝐶 . (𝜃1 + 𝜃7)
180°
 (3.60) 
 
 
𝐿𝑃𝐶𝐿 ,𝑈 =
𝜋.𝑅𝐶 . (𝜃1 + 𝜃10)
180°
 (3.61) 
 
The lower drying cylinder in the double-felted configuration system is shown 
in Figure 3.11.  This graphical model is drawn from a real cylinder 
arrangement and shows a very different construction and location of the 
drying fabric roller from the upper row of the drying cylinder.  Even though 
the arrangement of the roller is different, the previous calculation procedures 
still work with any construction.  The calculation of right side and left side of 
drying cylinder is also separated. 
 
The right side of the lower cylinder is the paper web intake side the same as 
the upper cylinder.  The length of paper free draw uses the same formulation 
as in the single-felted.  The reference angles are equivalent in pattern but 
different in values because of the difference in the location of the drying 
roller.  The names of the angle parameters are indicated with σ for the 
reference angles, Ω for the drying fabric contact angle and β for the paper web 
contact angle.  For the graphical model, the center of the upper cylinder is still 
point A and center of the lower cylinder is also point D, which has a relative 
and continuous formulation for the whole drying configuration.  Then the 
formulation for the paper web drying phase length can be built in the same 
form as in the previous formulation.  As a matter of fact, the angles σ1, σ2, σ3 
and σ4 are equivalent to θ1, θ2, θ3 and θ4 respectively.  The formulation for the 
length AD was presented in the single-felted configuration formulation.  
However, by the reference components in Figure 3.11, the formulation of the 
reference angle in the lower cylinder can be presented again as the following 
equations.  Angle σ4 can be theoretically calculated with equation (3.62) but 
for simplification matters the model should run on equation (3.63) instead. 
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Figure 3.11 Graphical modeling for double-felted configuration lower drying cylinders 
 
𝜍3 = cos
−1  
𝑋1𝐷
𝐴𝐷
  (3.62) 
 
𝜍4 = cos
−1  
𝑋1𝐴
𝐴𝐷
  (3.63) 
 
𝜍4 = 90° − 𝜍3 (3.64) 
 
The angle σ2 is a component angle in triangle DCXP.  When the length XPA is 
calculated from equation (3.28), then σ2 can be formulated as equation (3.65). 
 
𝜍2 = cos
−1  
𝑅𝐶
𝑋𝑃𝐴
  (3.65) 
 
Finally the reference angle σ1 for the contact angle of paper web on the lower 
drying cylinder can be calculated with the following equation. 
 
𝜍1 = 𝜍4 − 𝜍2 (3.66) 
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Figure 3.12 Graphical modeling for individual double-felted upper drying cylinder 
 
The reference angles σ1, σ2, σ3 and σ4 are relative to the paper web and connect 
between drying cylinder.  The angle σ1 is the main reference angle to use to 
calculate the paper contact length on the drying cylinder surface and also can 
be used as a reference to find another phase length that is affected by the 
drying fabric contact length.  The reference angles on the right side can be 
found by repeat the procedure of calculation with drying cylinder and roller 
connection. For calculating contact angle of drying fabric on the right and left 
side of lower drying cylinder, the reference angles on the right side can be 
presented as follows.   
 
𝜍5 = cos
−1  
𝐷𝑋2𝑅
𝐷𝐾2𝑅
  (3.67) 
 
𝜍6 = cos
−1  
𝐷𝑀𝑅
𝐷𝑂𝑅
  (3.68) 
 
𝜍7 = 𝜍6 − 𝜍5 (3.69) 
 
In the same way, the reference angles on the left side of the lower drying 
cylinder can be completed by the next equation. 
 
𝜍8 = cos
−1  
𝐷𝑋2𝐿
𝐷𝐾2𝐿
  (3.70) 
 
Ω
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𝜍9 = cos
−1  
𝐷𝑀𝐿
𝐷𝑂𝐿
  (3.71) 
 
𝜍10 = 𝜍1 −  𝜍8 − 𝜍9  (3.72) 
 
The contact length of the drying fabric on the lower drying cylinder surface 
can be calculated with the relation from right and left side as follows. 
 
Ω = 180° −  𝜍7 + (𝜍8 − 𝜍9)  (3.73) 
 
The arc length of the angle Ω with radius RC is exactly the contact length of 
the drying fabric on the lower drying cylinder.  The length of LFC,D is the 3rd 
phase of drying of the lower drying cylinder and its formulation can be 
completed with equation (3.74). 
 
𝐿𝐹𝐶 ,𝐷 =
𝜋.𝑅𝐶 .Ω
180°
 (3.74) 
 
The drying phase 1 on the lower drying cylinder is paper free draw and can 
use equation 3.9 to evaluate the phase length.  When LPCR,D and LPCL,D  are the 
lengths of drying phases 2 and 4 respectively, they can be calculated with 
relation to σ1, σ7, σ8 and σ9.  The formulation can be written as follows. 
 
𝐿𝑃𝐶𝑅 ,𝐷 =
𝜋.𝑅𝐶 . (𝜍1 + 𝜍7)
180°
 (3.75) 
 
𝐿𝑃𝐶𝐿 ,𝐷 =
𝜋.𝑅𝐶 . (𝜍1 + 𝜍9 − 𝜍8)
180°
 (3.76) 
 
3.2.2.3 Case sensitive for geometric model 
 
The ordinary lengths of drying phases for the double-felted and single-felted 
configurations to be used in most part of the drying section are now 
formulated.  But the formulation to analyze the actual drying section is not yet 
complete because some parts of the multi-cylinder drying section have a 
complicated geometry such as the first and the last drying cylinder for each 
drying group or drying configuration, and also at the connection part in 
drying section.  Then the formulations must be more considered, especially on 
a few sensitive cases inside the drying section.  The object of this investigation 
is the development of a mathematical model.  That means, the real 
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geometrical data of the first cylinder, the last cylinder and the connecting 
cylinder will be also included in the mathematical model.  With this modeling 
formulation, the final geometrical model can be called the model for flexible 
drying section. 
 
 
Figure 3.13 Cross-section of drying section of paper machine 
 
The case study of connecting part in the drying section can be divided into 2 
main cases and with a cross section plan of drying section in paper machine in 
Figure 3.13 can be illustrated the sensitive cases as following. 
 
Case 1: Connecting cylinder with the external machines 
 
This case consists of the first and the last cylinder of the drying section.  In the 
case of the first drying cylinder of a whole drying section, the paper web 
intake angle depends on the connecting point with the press section.  Then for 
case 1, the intake angle will receive an input direct from machine data and 
then calculate next step follow with the type of configuration for first drying 
cylinder.  The last drying cylinder outlet angle also depends on the end roller 
location.  The data to calculate the last drying phase must also be input from 
machine data.   
 
Case 2: Connecting cylinder within the internal drying section 
 
Modern drying machines consist of one more drying cylinder configuration 
such as in Figure 3.13.  The connecting cylinder between the same 
configuration, for example cylinder No.7 and 15 in single-felted configuration 
and cylinder No.23, 24 and 31,32 and 39, 40, 41 in double-felted configuration, 
affect the drying phase length and location.  A new formulation for this part 
seems complicated with more rollers interfacing with the drying cylinder, but 
the procedure of the formulation still utilizes the new roller location.  Figure 
3.14 shows some examples of connecting cylinders between a single 
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configuration and a double-felted configuration.  The double drying fabric 
roller between upper cylinder has effect to increase more distance between 
upper cylinder, then the reference angles and drying phase length have 
changed.  But the formulations are still the same as for the regular cylinder. 
 
The formulations of the mathematical model have been built into the main 
drying system model and are useful for the simulation of variable machine 
dimensions.  Moreover, the simulation program is now completed and 
flexible to use for general drying section analysis.  The geometrical model can 
also be used to design and investigate the effects of a new construction or 
machine modification.  The calculation method of this model is normal 
algebra which does not vary with time, temperature or moisture content of 
the paper web. 
 
 
 
Figure 3.14 Graphical modeling for geometrical analysis of connecting drying cylinder 
 
3.2.3 Energy Model 
 
3.2.3.1 Thermodynamic model for individual dryer cylinder 
 
The energy consumption of the whole drying section of paper machine is an 
important output and it is a main subject to optimize for engineers.  Actually, 
a basic thermodynamic analysis of the drying system is presented in section 
3.2.3.2.  But that model gives an approximately output for overall process 
condition.  The output then can be stated as an ideal framework for drying 
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system.  For efficiency evaluation, the actual energy consumption needs to be 
compared. 
 
The purpose of the thermodynamics model for the dryer cylinder is to 
determine the actual heat flux quantity passing through the dryer cylinder 
shell.  Each dryer cylinder in the drying section has an individual condition in 
the calculation steps.  This model works together with the drying model.  
After the total water evaporation and temperature are calculated at all points 
in dryer cylinder, the thermodynamics model will calculate energy 
consumption for each cylinder.  Figure 3.15 shows all possible heat flux, local 
temperature and mass flow through a drying cylinder.   
 
Figure 3.15 Model diagram for heat balance of dryer cylinder 
 
The process occurs at the paper-cylinder interface.  The heat coming from the 
steam inside the dryer cylinder has two purposes.  The first purpose is the 
sensible heating process.  The paper web, which consists of dry paper fibers 
and water, is heated.  The total heat required to heat the paper web can be 
calculated by equation (3.77) and for resident water in paper web equation 
(3.78) can be used.   
 
𝑞𝑑𝑝 ,𝑖 = 𝑚 𝑑𝑝 ,𝑖 ∙ 𝐶𝑝 ,𝑑𝑝 ∙ (𝜗𝑑𝑝 ,𝑜𝑢𝑡 − 𝜗𝑑𝑝 ,𝑖𝑛 ) (3.77) 
 
𝑞𝑤 ,𝑖 = 𝑚 𝑤 ,𝑖 ∙ 𝐶𝑝 ,𝑤 ∙ (𝜗𝑤 ,𝑜𝑢𝑡 − 𝜗𝑤 ,𝑖𝑛 ) (3.78) 
 
Then heat required for the sensible heating process, 𝑞𝑠𝑒𝑛 ,𝑖  is the sum of 
equation (3.77) and (3.78) as shown below. 
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𝑞𝑠𝑒𝑛 ,𝑖 = 𝑞𝑑𝑝 ,𝑖 + 𝑞𝑤 ,𝑖  (3.79) 
 
The second purpose is the vaporization process.  Some of the water from the 
paper web evaporates during the drying phases of each dryer cylinder. 
However, water evaporates not only at contact with cylinder but also during 
all the other phases of drying at each cylinder.  Then, all the accumulated 
quantity of water vapor is used as mass flow for the total evaporation heat 
required in dryer cylinder.  When the dryer cylinder has n drying phases the 
heat required to evaporate the water is shown in equation (3.80). 
 
𝑞𝑒𝑣𝑝 ,𝑖 =  𝑚 𝑒𝑣𝑝 ,𝑖
𝑛
𝑖=1
⋅ ∆𝑕𝑓𝑔  (3.80) 
 
In the hygroscopic region, the heat of adsorption must be combined.  When 
the heat of vaporization for free water is combined with the heat of 
adsorption (∆𝑕𝑒𝑣𝑝 ,𝑐𝑟𝑖 = ∆𝑕𝑒𝑣𝑝 + ∆𝑕𝑠𝑜𝑟𝑝 ), then the heat equation for the falling 
rate zone can be presented as equation (3.81).  The equation for adsorption 
heat is explained in section 3.3. 
 
𝑞𝑒𝑣𝑝 𝑐𝑟𝑖 ,𝑖 =  𝑚 𝑒𝑣𝑝 ,𝑖
𝑛
𝑖=1
⋅ ∆𝑕𝑒𝑣𝑝 ,𝑐𝑟𝑖  (3.81) 
 
Heat loss from the dryer cylinder is mostly convection heat transfer from the 
cylinder surface, which is in contact with the surrounding air.  In the case of 
radiation heat transfer, most previous literature have neglected it [3,5,119,135] 
because this effect is not significant for the total heat balance.  Then, in Figure 
3.15, the heat transfer from  𝑞𝑙𝑜𝑠𝑠 ,𝑎1 and 𝑞𝑙𝑜𝑠𝑠 ,𝑎2 considers only convection heat 
transfer.  Focusing on the surface area for 𝑞𝑙𝑜𝑠𝑠 ,𝑎2, the shell of cap area of the 
dryer cylinder is thicker than the cylinder shell.  Structure components have 
been installed at the center of this area such as a rotating axle and steam or 
condensate header.  Moreover, the rotation characteristic is very complicate to 
setup the boundary condition of air-cylinder contact.  Then, this work will not 
consider the heat loss from both cap areas of the dryer cylinder.  The heat loss 
equation for the dryer cylinder is then shown in equation (3.82). 
 
𝑞𝑙𝑜𝑠𝑠 ,𝑎1 = 𝑕𝑐𝑎 ⋅ 𝐴𝑙𝑜𝑠𝑠 ⋅  𝜗𝑐 ,𝑑𝑐 − 𝜗𝑎  (3.82) 
  
Theoretically, heat from steam supply should be equal to summation of 
sensible heat, evaporation heat and heat loss.  But, in practical, that may be in 
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risk, when energy supplies not enough to dry the product.  The average steam 
consumption in dryer drainage is about 1.1 – 1.3 kgsteam/kgwater-evap [55].  The 
more exceed energy supply the more waste heat at condensate.  In this model, 
actually, the condensate or steam supply is output of energy balance.  The 
steam supply can be calculated from heat balance in dryer cylinder and 
multiply with safety factor (SF) or taking direct from machine data.  Then, the 
waste heat in condensate can be determined.  The minimum heat supply from 
steam can be calculated by equation (3.83).  After that, the waste heat in 
condensate can be determined as shown in equation (3.85). 
 
𝑞𝑠,𝑚𝑖𝑛 = 𝑞𝑠𝑒𝑛 ,𝑖 + 𝑞𝑒𝑣𝑝 ,𝑖 + 𝑞𝑙𝑜𝑠𝑠 ,𝑎1 (3.83) 
 
𝑞𝑠,𝑐𝑦𝑙 = 𝑞𝑠,𝑚𝑖𝑛 ⋅ 𝑆𝐹 (3.84) 
 
𝑞𝑐𝑜𝑛𝑑 = 𝑞𝑠,𝑐𝑦𝑙 −  𝑞𝑠𝑒𝑛 ,𝑖 + 𝑞𝑒𝑣𝑝 ,𝑖 + 𝑞𝑙𝑜𝑠𝑠 ,𝑎1  (3.85) 
 
In calculation step, the area for heat transfer and evaporation are divided into 
very small element along the drying model.  At the end of each step of the 
drying model, the energy model will be calculated.  The calculation results of 
each element area will be accumulated and give a final result at the end of the 
last drying phase.  The energy balance of each dryer cylinder in the drying 
section will be summed up and used to compare with the result from the 
thermodynamics model for the whole drying section.   
 
3.2.3.2 Thermodynamic model for drying section 
 
The model from Figure 3.16 presents the input and output state of materials 
and heat flow across the system boundaries.  The number of states will be 
used to indicate the thermodynamic state for all the equations in this paper.  
With the principle of steady state control volume, the thermodynamic 
equation for each state can be formulated as follows: 
 
Σ 𝐸𝑛𝑒𝑟𝑔𝑦𝑖𝑛𝑝𝑢𝑡 = Σ 𝐸𝑛𝑒𝑟𝑔𝑦𝑜𝑢𝑡𝑝𝑢𝑡 + 𝐸𝑛𝑒𝑟𝑔𝑦𝑙𝑜𝑠𝑠  (3.86) 
 
Steam flow to system at state 1 is supplied to the dryer cylinders and the 
internal air system.  The relation in equation (3.86) is representing the overall 
steam consumption for the drying system. 
 
On the other side the condensate from the drying system is only a product 
from the drying cylinder group and the exhaust air is only a product from 
64 Theories and Mathematical Modeling 
internal ventilation.  Then, to analyze the specific points of the drying system 
the equation of the internal segments in system must be formulated.  
 
 
 
Figure 3.16 Thermodynamics model of multi-cylinder drying system in paper making 
machine [110] 
 
Beginning with the paper web, the energy balance for the dry paper web 
through the multi-cylinder drying unit is showed as follows: 
 
𝑚 𝑑𝑝 ∙ 𝑕𝑑𝑝 ,3 + 𝑞𝑑𝑝 = 𝑚 𝑑𝑝 ∙ 𝑕𝑑𝑝 ,6 (3.87) 
 
𝑚 𝑑𝑝 = 𝐺𝑑𝑝 ∙ 𝑉𝑚 ∙ 𝑊𝑝  (3.88) 
 
𝑕𝑑𝑝 ,𝑖 = 𝐶𝑝 ,𝑑𝑝 ∙ 𝜗𝑑𝑝 ,𝑖  (3.89) 
 
Hint: in the thermodynamic formulation the parameter “h” represents 
Enthalpy.  The energy balance for the remaining water in the paper web 
through the multi-cylinder drying unit can be calculated with equation (3.87), 
(3.88) and (3.89). 
 
𝑚 𝑤 ∙ 𝑕𝑤 ,3 + 𝑞𝑤 = 𝑚 𝑤 ∙ 𝑕𝑤 ,6 (3.90) 
 
𝑚 𝑤 = 𝐺𝑑𝑝 ∙ 𝑉𝑚 ∙ 𝑊𝑝 ∙ (
100 − 𝑑𝑠𝑐6
𝑑𝑠𝑐6
) (3.91) 
 
𝑕𝑤 ,𝑖 = 𝐶𝑝 ,𝑤 ∙ 𝜗𝑤 ,𝑖  (3.92) 
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The equation to calculate the heat required for heating the water in the wet 
paper up to evaporation temperature is presented as follows:  
 
𝑞𝑤 ,𝑒𝑣𝑝 = 𝑚 𝑒𝑣𝑝 ∙ 𝐶𝑝 ,𝑤 ∙ (𝜗𝑒𝑣𝑝 − 𝜗𝑑𝑝 ,3) (3.93) 
 
𝑚 𝑒𝑣𝑝 = 𝐺𝑑𝑝 ∙ 𝑉𝑚 ∙ 𝑊𝑝 ∙  
100 − 𝑑𝑠𝑐3
𝑑𝑠𝑐3
−
100 − 𝑑𝑠𝑐6
𝑑𝑠𝑐6
  (3.94) 
 
Amount of heat is required for evaporating water in the wet paper at constant 
evaporating temperature.  The evaporating temperature in the drying section 
is characteristic of each machine but informally a temperature of 80 ˚C can be 
used in the calculation.  The equation to calculate the heat of evaporation is 
presented as shown in equation (3.95).  At 80 ˚C, ∆hv is 2310 kJ/kg [2].  At 
dryness ranging from 80% to 85%, the chemically bound water in the fibers 
requires a higher energy for vaporization, but this in practice is mostly 
negligible for this type of estimation. 
 
𝑞𝑣,𝑒𝑣𝑝 = 𝑚 𝑒𝑣𝑝 ∙ ∆𝑕𝑓𝑔  (3.95) 
 
The evaporated water is now in the vapor phase and is then heated (or 
cooled) from the evaporation temperature to the exhaust air temperature.  
This process requires heat as follows. 
 
𝑞𝑣,𝑒𝑥𝑕 = 𝑚 𝑒𝑣𝑝 ∙ 𝐶𝑝 ,𝑤 ∙ (𝜗𝑒𝑥𝑕 − 𝜗𝑒𝑣𝑝 ) (3.96) 
 
The mass flow rate for each element can be calculated using air and water 
mass balances for the air flows.  The equation is represented by: 
 
𝑚 𝑒𝑥𝑕 ∙ 𝜙𝑒𝑥𝑕 = 𝑚 𝑠𝑢𝑝 ∙ 𝜙𝑠𝑢𝑝 + 𝑚 𝑙𝑒𝑎𝑘 ∙ 𝜙𝑙𝑒𝑎𝑘 + 𝑚 𝑒𝑣𝑝  (3.97) 
 
𝑚 𝑒𝑥𝑕 = 𝑚 𝑠𝑢𝑝 + 𝑚 𝑙𝑒𝑎𝑘  (3.98) 
 
𝑚 𝑙𝑒𝑎𝑘 = 𝑚 𝑒𝑥𝑕 ∙
% 𝐿𝑒𝑎𝑘𝑎𝑔𝑒
100
 (3.99) 
 
An energy balance for the supply air when heated to the exhaust air 
temperature gives the following equations: 
 
𝑚 𝑠𝑢𝑝 ∙ 𝑕𝑠𝑢𝑝 ,𝑎𝑚𝑏 + 𝑞𝑠𝑢𝑝 = 𝑚 𝑠𝑢𝑝 ∙ 𝑕𝑠𝑢𝑝 ,2 (3.100) 
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𝑕𝑠𝑢𝑝 ,𝑖 =  𝐶𝑝 ,𝑎 + 𝐶𝑝 ,𝑣 ∙ 𝜙𝑠𝑢𝑝  ∙ 𝜗𝑠𝑢𝑝 ,𝑖 + 𝑕𝑓𝑔 ,𝑤0 ∙ 𝜙𝑠𝑢𝑝  (3.101) 
 
The equations below are the energy balance for the leakage air heated to the 
exhaust air temperature: 
 
𝑚 𝑙𝑒𝑎𝑘 ∙ 𝑕𝑙𝑒𝑎𝑘 ,7 + 𝑞𝑙𝑒𝑎𝑘 = 𝑚 𝑙𝑒𝑎𝑘 ∙ 𝑕𝑙𝑒𝑎𝑘 ,5 (3.102) 
 
𝑕𝑙𝑒𝑎𝑘 ,𝑖 =  𝐶𝑝 ,𝑎 + 𝐶𝑝 ,𝑣 ∙ 𝜙𝑙𝑒𝑎𝑘  ∙ 𝜗𝑙𝑒𝑎𝑘 ,𝑖 + 𝑕𝑓𝑔 ,𝑤0 ∙ 𝜙𝑙𝑒𝑎𝑘  (3.103) 
 
Because the closed hood is not completely closed, the leakage air always goes 
into the drying section.  Commonly, it is very complicated to calculate the 
exact amount of leakage air flow rate.  The TAPPI calculating method [55] 
assumes the amount of leakage air up to 30% of exhaust air.  
 
Some heat leaks through the walls and roof of the closed hood.  The 
estimation of leakage heat can be calculated by a conduction heat transfer 
equation based on the hood area with equation (3.104). 
 
𝑞𝑙𝑜𝑠𝑠 = 𝑘𝑕 ∙ 𝐴𝑕 ∙ (𝜗𝑕 ,𝑜 − 𝜗𝑕 ,𝑖) + 𝑘𝑏 ∙ 𝐴𝑏 ∙ (𝜗𝑏 ,𝑜 − 𝜗𝑏 ,𝑖) (3.104) 
 
The overall steam required by a multi-cylinder dryer is the sum of the heat to 
input directly to the paper web.  The heat flux from steam that flows through 
the cylinder can be calculated by equation (3.105). 
 
𝑞𝑠,𝑐𝑦𝑙 = 𝑞𝑑𝑝 + 𝑞𝑤 + 𝑞𝑤 ,𝑒𝑣𝑝 + 𝑞𝑣,𝑒𝑣𝑝  (3.105) 
 
The steam required by the supply air system is the sum of the heat required 
by the supply air, evaporated water vapor, leakage air, and heat loss through 
the hood wall in equation (3.106). 
  
𝑞𝑠,𝑎𝑖𝑟 = 𝑞𝑠𝑢𝑝 + 𝑞𝑙𝑒𝑎𝑘 − 𝑞𝑣,𝑒𝑥𝑕  (3.106) 
 
The overall thermal efficiency (1st Law efficiency) of the drying system can be 
estimated by: 
 
 
𝜂1𝑠𝑡 ,𝑑𝑟𝑦𝑖𝑛𝑔 =  
𝐻𝑒𝑎𝑡 𝑠𝑢𝑝𝑝𝑙𝑦 𝑓𝑜𝑟 𝑤𝑎𝑡𝑒𝑟 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛
𝐴𝑙𝑙 𝑕𝑒𝑎𝑡 𝑠𝑢𝑝𝑝𝑙𝑦 𝑡𝑜 𝑠𝑦𝑠𝑡𝑒𝑚
 (3.107) 
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𝜂1𝑠𝑡 ,𝑑𝑟𝑦𝑖𝑛𝑔 =  
𝑞𝑠,𝑐𝑦𝑙
𝑞𝑠,𝑐𝑦𝑙 + 𝑞𝑠,𝑎𝑖𝑟 + 𝑞𝑙𝑜𝑠𝑠
 (3.108) 
 
 
3.3 Physical properties of material 
 
3.3.1 Physical properties of drying cylinder 
 
The drying cylinders are made of cast iron.  Then, the physical properties of 
this material depend upon the fraction of composite material.  The physical 
properties of the drying cylinder have been assumed to be independent from 
the temperature that is used in the drying process operation (60 – 150 °C).  For 
all the models in this work, the physical properties of the dryer cylinder are 
assigned as shown in Table 3.3. 
 
        Table 3.3 Physical properties of dryer cylinder 
Property Symbol Value
Thermal conductivity k c 45 W/m . K
Specific heat capacity C p,c 500 J/kg . K
Density ρ c 7300 kg/m
3
 
 
3.3.2 Physical properties of paper 
 
Most physical properties of the paper web depend on the moisture content 
and the temperature of the web.  All the following properties were used by 
previous literature such as Wilhelmsson [135], Ekvall [31] and Gaillemard 
[38].  
 
The local paper web thickness; 𝐷𝑝  is a function of the moisture content and 
the temperature of paper.  It varies along the machine direction causing a 
shrinkage phenomenon of paper fiber.  The local thickness can be calculated 
by equation (3.109).  The shrinkage effect influences also the local density of 
the paper web.  The calculation formula is shown as equation (3.110). 
 
𝐷𝑝 𝑢,𝜗𝑝 = 𝐺𝑑𝑟𝑦 ∙  
1
𝜌𝑑𝑟𝑦
+
𝑢𝑖
𝜌𝑤 𝜗𝑝 ,𝑖 
  (3.109) 
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𝜌𝑝 𝑢 =
 1 + 𝑢𝑖 ∙ 𝐺𝑑𝑟𝑦
𝐷𝑝(𝑢,𝜗𝑝)
  (3.110) 
 
For the paper web drying process, the thermal conductivity coefficient is not 
constant.  It is a function of moisture content.  The formula for calculating the 
thermal conductivity for paper web is presented as equation (3.111).  In this 
equation, 𝑘𝑤  is the thermal conductivity of water and 𝑘𝑑𝑟𝑦  is the thermal 
conductivity of dry paper fibers.  For this simulation the value of 0.08 
W/m2°C is used in the calculation.  For 𝑘𝑤 , in the drying process temperature, 
thermal conductivity of water is interpolated from a standard water 
properties table.  
 
𝑘𝑝 𝑢,𝜗𝑝 =
𝑘𝑑𝑟𝑦 + 𝑢𝑖 ∙ 𝑘𝑤(𝜗𝑝)
1 + 𝑢𝑖
  (3.111) 
 
The specific heat capacity of the paper web is always changing during the 
drying process and can be calculated by equation (3.112).   
 
𝐶𝑝 ,𝑝 𝑢,𝜗𝑝 =
𝐶𝑝 ,𝑓𝑖𝑏𝑒𝑟 + 𝑢𝑖 ∙ 𝐶𝑝 ,𝑤(𝜗𝑝 ,𝑖)
1 + 𝑢𝑖
      (3.112) 
 
The contact heat transfer coefficient between the paper web and the cylinder 
surface is presented in equation (3.113).  This parameter is a complicated 
factor in paper drying calculation.  By the previous literatures, this equation 
result agrees well with the experiment results [135] and is consistently used in 
this work for the boundary condition at paper-cylinder interface.  The paper-
cylinder contact heat transfer coefficient is depending on moisture content of 
the paper web. The value of 𝑕𝑐𝑝  when the moisture content u equals to 0 is 
about 200 to 500 W/m2°C [135]. 
 
𝑕𝑐𝑝  𝑢 = 𝑕𝑐𝑝  0 + 955 ∙ 𝑢𝑖  (3.113) 
 
200 ≤ 𝑕𝑐𝑝  0 ≤ 500 𝑊/𝑚
2 ∙ ℃  
 
3.3.3 Properties of surrounding air 
 
Properties of the surrounding air inside the drying hood depend on the 
temperature.  The local boundary layer of air and its properties around paper 
web, drying fabric or cylinder surface have very high influence on the 
accuracy of calculation results, especially on the evaporation rate.  Actually, 
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the physical properties of the surroundings in the drying hood have been 
calculated at local wet and dry temperature.  Gaillemard [38] has studied and 
presented the assumption that, when the temperature of the paper web 
influences the temperature of air then the temperature of air can be modeled 
as shown in equation (3.57). 
 
𝜗𝑎 = 𝛼𝜗 ∙ 𝜗𝑎 ,𝑎𝑣 +  1 − 𝛼𝜗  ∙ 𝜗𝑝  (3.114) 
 
When 
 
0 ≤ 𝛼𝜗 ≤ 1  
 
Where 𝜗𝑎 ,𝑎𝑣  is average local temperature of air, which can be found from 
machine data or by measuring?  The coefficient 𝛼𝑇  is an interpolation 
coefficient.  It is used as a tuning parameter for the calculation model. 
 
The partial pressure of the surrounding air is also taken from Gaillemard [38].  
It was found that the partial vapor is lower at the beginning of the drying 
section, because there is less evaporation from paper to the air due to the low 
partial pressure of water in paper web.  That is also in concurrence with the 
low temperature of paper web at beginning of the drying section.  Therefore, 
the interpolation of local partial pressure of the surrounding air can be 
modeled as in equation (3.115). 
 
𝑝𝑎 = 𝛼𝑝 ∙ 𝑝𝑎 ,𝑎𝑣 +  1 − 𝛼𝑝 ∙ 𝑝𝑝  (3.115) 
 
0 ≤ 𝛼𝑝 ≤ 1  
 
The local partial pressure of water vapor is very important to use in Stefan’s 
Equation to calculate the evaporation rate.  The coefficient 𝛼𝑝  is also an 
interpolation coefficient and it is used to tune the model. 
 
The total pressure of the surrounding air is an important property, which is 
used in Stefan’s equation as presented in equation (3.20).  Dalton's Law 
explains that the total pressure is equal to the sum of all of the pressures of the 
parts.  This is only absolutely true for ideal gases, but the error is small for 
real gases.  This may at first seem a trivial law, but it can be very valuable and 
useable in this work.  Equation (3.116) shows the original formulation of 
Dalton's Law.  Then, the total pressure of the surrounding air can be 
formulated as equation (3.117). 
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𝑃𝑡𝑜𝑡 = 𝑝𝑠,1 + 𝑝𝑠,2 + 𝑝𝑠,3 + ⋯+ 𝑝𝑠,𝑛  (3.116) 
 
𝑃𝑡𝑜𝑡 = 𝑝𝑤 ,𝑣𝑎𝑝𝑜𝑟 + 𝑝𝑑𝑟𝑦  𝑎𝑖𝑟  (3.117) 
 
Actually, the total pressure 𝑃𝑡𝑜𝑡  is atmospheric pressure of the surrounding, 
which depends on the location of the machine in relation to sea level.   
 
3.3.4 Convective heat transfer coefficient 
 
The convective heat transfer coefficient is used in the heat and mass transfer 
equation for paper web and surrounding air interfaces and for cylinder 
surface direct contact with air.  Assuming that the surface geometry of the 
cylinder is a flat plate, the convective heat transfer coefficient can be 
calculated through the Nusselt number as shown in equation (3.118).  
However, the Nusselt number, which is used to determine the actual 
convective heat transfer coefficient, is the root square mean value of laminar 
and turbulent flow of air boundary layer as shown in equation (3.119), (3.120) 
and (3.121).  Finally, the actual convective heat transfer coefficient can be 
calculated by equation (3.122). 
 
𝑁𝑢𝑥 =
𝑕𝑎 ∙ 𝐿𝑥
𝑘𝑎
 (3.118) 
 
Nusselt number in laminar flow 
 
𝑁𝑢𝑙𝑎𝑚 =
𝑕𝑝𝑎 ∙ 𝐿𝑝
𝑘𝑎
= 0.664 ∙ 𝑅𝑒0.5 ∙ 𝑃𝑟0.333  (3.119) 
 
Nusselt number in turbulence flow 
 
𝑁𝑢𝑡𝑢𝑟𝑏 =
𝑕𝑝𝑎 ∙ 𝐿𝑝
𝑘𝑎
=
0.037 ∙ 𝑅𝑒0.81 ∙ 𝑃𝑟
1 + 2.443 ∙ 𝑅𝑒−0.1 ∙  𝑃𝑟0.667 − 1 
 (3.120) 
 
Then, the root mean square Nusselt number calculated as: 
 
𝑁𝑢 =  𝑁𝑢𝑙𝑎𝑚
2 + 𝑁𝑢𝑡𝑢𝑟𝑏
2  (3.121) 
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Lastly, the convective heat transfer coefficient can be determined by equation 
(3.122). 
 
𝑕𝑝𝑎 =
𝑁𝑢 ∙ 𝑘𝑎
𝐿𝑝
 (3.122) 
 
3.3.5 Partial pressure of water vapor 
 
The partial pressure of water in the paper web or in the surrounding air is a 
function of temperature.  It is a very important parameter to calculate the 
drying rate in a simulation program.  The partial pressure is calculated with 
Antoine’s Equation for free water as shown in equation (3.123).  The partial 
pressure is in Pascal and temperature input in °C.  
 
 
𝑝𝑠𝑎𝑡  𝜗 = 133.322 ∙ 𝑒𝑥𝑝
 18.3036−
3816 .44
 𝜗𝑠𝑎𝑡 +227.03 
 
  ;𝑃𝑎 (3.123) 
 
 
Antoine’s Equation is used widely in simulation calculations.  With the 
purpose to calculate the partial pressure of water vapor in paper web and 
surrounding air for use in Stefan’s Equation, it can be divided to equation 
(3.124) for water vapor in environment air and equation (3.125) for water 
vapor partial pressure in paper web. 
 
𝑝𝑣𝑎 = 𝑝𝑠𝑎𝑡 (𝜗𝑎) (3.124) 
 
𝑝𝑣𝑝 ,0 = 𝑝𝑠𝑎𝑡 (𝜗𝑝) (3.125) 
 
When the drying process reaches critical moisture content in the falling rate 
zone, partial pressure of water vapor reduces as shown in equation (3.126). 
 
𝑝𝑣𝑝 ,0
∗ < 𝑝𝑠𝑎𝑡 (𝜗𝑝) (3.126) 
 
Then, the partial water vapor in paper web for the hygroscopic region can be 
calculated by equation (3.127).  The relative humidity 𝜑(𝑇,𝑢) can be 
calculated from equation (3.131). 
 
𝑝𝑣𝑝 ,0
∗ = 𝑝𝑠𝑎𝑡 (𝜗𝑝) ∙ 𝜑(𝜗,𝑢) (3.127) 
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3.3.6 Heat of vaporization and heat of desorption 
 
In the warming up and constant rate drying zone only free water evaporates.  
Then, only the heat of vaporization is required for this process.  Heat of 
vaporization for water is latent heat of water at evaporating temperature as 
shown in equation (3.128). 
 
∆𝑕𝑒𝑣𝑝 = ∆𝑕𝑣𝑎𝑝 = 𝑕𝑓𝑔(𝜗) (3.128) 
 
In the falling rate drying zone the bound water needs to break apart to 
become free water and then free water evaporates.  The heat required for this 
process is higher than the required in the warming up and constant rate zone.  
The higher heat needs to destroy hydrogen bonds inside bound water.  After 
that, the same heat as previously required for evaporation of free water is 
needed and this is shown in equation (3.128).  The heat of adsorption is 
process phenomena as shown in Figure 3.1.  It can be calculated by equation 
(3.130).  
 
∆𝑕𝑒𝑣𝑝 ,𝑐𝑟𝑖 = ∆𝑕𝑒𝑣𝑝 + ∆𝑕𝑠𝑜𝑟𝑝  (3.129) 
 
 
∆𝑕𝑠𝑜𝑟𝑝 = −𝑅𝑣 ∙  
1 − 𝜑
𝜑
 ∙ 0.10085 ∙ 𝑢𝑖
1.0585 ∙ 𝜗𝑝
2 (3.130) 
 
 
𝜑(𝜗𝑝 ,𝑢) = 1 − 𝑒𝑥𝑝 −47.58 ∙ 𝑢𝑖
1.877 − 0.10085 ∙ 𝜗𝑝 ∙ 𝑢𝑖
1.0585   (3.131) 
 
 
The equilibrium moisture content is a specific characteristic of each paper 
grade.  It strongly depends on its composition.  As explained in section 3.1, it 
takes a long time for the real equilibrium moisture content to be reached.  In 
the drying calculation, one commonly assumes that the equilibrium described 
by adsorption isotherm is always and instantly valid everywhere inside the 
paper web.  But, that is only an approximation.  The heat of adsorption in 
equation (3.130) depends on the mathematical formula and data used in the 
calculation, which can result into unrealistic values and a huge variation in 
simulation calculation.  Other alternative ways to determine heat of 
adsorption has been presented by Reardon [106,107].  They have declared that 
in the extreme case at zero moisture content, the differential heat of sorption 
for bound water represents 60% of vaporization heat of free water. 
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3.3.7 Steam property 
 
Steam supply to the dryer cylinder is saturated steam.  For one unit of a 
drying group, steam is input at the same pressure and varies upon heat 
requirement of the next drying group.  Equation (3.132) is used to determine 
temperature inside dryer cylinder that varies with saturated pressure.  
 
𝜗𝑠(𝑃𝑠𝑎𝑡 ) =
1668.21
7.092 − log𝑃𝑠𝑎𝑡
 (3.132) 
 
The relation between saturated pressure and temperature of saturated steam 
is non-linear.  It can be calculated by equation (3.132), which gives output of 
temperature in degree centigrade (°C) and requires input as saturated steam 
pressure in Pascal unit (kPa). 
 
3.3.8 Drying fabric properties 
 
Drying fabric influences not only web handling and runnability of the drying 
section but also the heat and mass transfer from paper web.  In terms of mass 
transfer resistance, the drying fabric has a relative mass transfer coefficient, 
which is called Fabric Reduction Factor (FRF).  This coefficient is used to 
calculate the amount of water evaporating through paper-fabric-air interfaces. 
The reduction factor due to drying fabric is around 30-50% of the mass 
transfer coefficient at paper-air contact surface (𝐾𝐺 ,𝑝𝑎 ) [38,135].  It is assumed 
to be the same for all cylinders in drying section.  The model equation can be 
shown as equation (3.133). 
 
 
𝐾𝐺 ,𝑝𝑓𝑎 = 𝐾𝐺 ,𝑝𝑎 ∙ (100 − 𝐹𝑅𝐹) (3.133) 
 
 
0.3 ≤ 𝐹𝑅𝐹 ≤ 0.5  
 
3.4 Simulation Program 
 
The mathematical model in chapter 3 was combined and developed in 
MatLAB®.  The heat transfer boundary condition was applied to a matrix and 
solved with LU decomposition method.  The detail of numerical formulation 
can be found in Appendix A.  The calculation step inside the drying phase 
length is shown in Appendix B. 
 
 
 
 
Chapter 4 
 
 
Verification of Calculation Results 
 
 
 
The verification of calculation results is very important for the research in the 
field of modeling and simulation of a target system.  The purpose of model 
verification is to validate the simulation model with practical paper drying 
processes.  From the previous chapter, the mathematical models were built 
from theories and mathematical formulas under constrains of engineering 
knowledge and experience from previous literature.  After the combination 
and development in MatLAB®, the simulation program was tested.  The 
testing results were tuned and compared with other works under the same 
input conditions.  The simulation results from Wilhelmsson [134] and 
Gaillemard [38] were mostly used for primary model tuning and modifying.  
After model modifying, the overall simulation output parameters such as 
moisture profile and temperature of paper web are fairly good in verification.   
 
The major model verification for the simulation program was done with a 
sample paper machine from a papermaking factory nearby Dresden.  The 
model for the drying section was calculated with factory standard process 
configuration.  The paper machine, which was used for the verification, 
produces 270 g/m2 of paper board grade.  The drying section has 30 drying 
cylinders and they are all in double-felted configuration.  The detail of the 
sample drying section can be found in section 4.1.  Unfortunately, only one 
machine sample could be compared for this work because of the same reason 
as most prior works, that the paper manufacturer must run the paper machine 
continuously.  The planning of the experiment and installation of 
measurement apparatus is very difficult and seems impossible within a short 
period of time.  However, our single sample machine is suitable and valuable 
enough for the verification.    
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4.1 Analysis of drying section data 
 
The point of verification was divided into two cases of study.  The first case is 
validation of the geometry model and the second is the drying model 
verification.  The data from paper manufacturer has been also collected in two 
parts.  The first part is the drawing of drying section and the second part is 
the process data and experimental data.  Table 4.1 shows the general 
geometry data of the drying section. 
 
The machine drawing was analyzed and modeled in a CAD program. In 
order to verify the geometry with the calculation model, the graphical model 
was modified into a different form.  Then the results from the graphical model 
and calculation model could be compared.  The graphical model in Fig. 4.1 is 
part of a drying cylinder of the sample paper machine.  The graphical model 
and verification data of a whole drying section can be found in Appendix B. 
 
        Table 4.1 Original geometry of PM1 
Geometry Data
Diameter of Drying Cylinder
          Upper Cylinder 1.5 m
          Lower Cylinder 1.5 m
Cylinder Wall Thickness 0.025 m
Cylinder Length 2.23 m
Number of Drying Cylinder 30 Cylinders
Value
 
 
The drying cylinder format of the sample drying section is only in Double-
Felted Configuration.  That means that the model for other configurations 
cannot be used in this verification.  However, the concept and algorithm of 
calculation is the same.  The difference is only at boundary condition at paper 
surface.  Then, the verification can also evaluate the reliability of other 
configuration models.  Nevertheless, the model will be used to verify other 
machines in future work. 
 
The geometry of the sample drying section, (to be called “PM1” from now on) 
is not symmetrical for every cylinder.  The pattern of drying cylinder 
arrangement was repeated for some groups but not for all.  In this case, it is 
clear that the calculation model can take a full advantage from geometry 
model.  Because the drying phase length from one cylinder to other cylinder is 
always changing upon the specific geometry. 
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The operating data of PM1 is showed in Table 4.2.  It has a small cross section 
when compared with modern machines in Wilhelmsson [134] or Gaillemard 
[38].  PM1 is a native paper board making machine, it can produce many 
different paper board grades such as 145, 270, 360 and 600 g/m2.  The 
machine speed is also slow and varies between 11 to 41 m/min upon the type 
of paper board grade.  The paper web of paper board grade is thick and has a 
great specific weight.  The operation speed must be slow enough for optimum 
time of heat transfer from the drying cylinder.  The paper surface needs to 
contact the cylinder surface directly in every cylinder.  Moreover, with the 
great specific weight of the paper web, the machine runs on slow speed and 
then the lower row Single-Felted Configuration drying cylinder is difficult to 
operate. 
 
 
 
Figure 4.1 Geometry data from machine drawing for cylinder 1 
 
 
The operating conditions were taken from an experiment that was done by a 
Paper Machine Manufacturer in order to reconstruct and upgrade the drying 
section of PM1.  They measured the drying parameters while tuning up the 
drying section.  The operating conditions were done by the trial and error 
method.  The results from the paper machine maker team are static 
input/output as already shown in Table 4.2.  Moreover, the team has 
measured two parameters more as shows in Table 4.3.  The paper moisture 
content profile was measured in the experiment at steady state condition.     
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              Table 4.2 Operating Data of PM1 
Operating Data
Paper web width 2.23 m
Paper grade 270 g/m
2
Machine speed 28.8 m/min
Production capacity 986 kg/h
Initial moisture content 66 %
Final moisture content 9.6 %
Steam supply (from steam plant) 5 bar
151.8 °C (sat.)
Measured specific steam consumption 1.74 kg/kg
Measured steam consumption 2,407 kg/h
Supply Air Properties
           Volumetric flow rate 22,376 m
3/h
           Temperature 105 °C
           Moisture ratio 15 g/kg
Exhaust Air Properties
           Volumetric flow rate 42,084 m
3/h
           Temperature 85 °C
           Moisture ratio 80 g/kg
Average Temperature in Drying Hood 88 °C
% Mixture after Heat Recovery 65 % (new air)
Overall Drying Rate 10.5 kg/m
2.h
          Value
 
 
The experiment of moisture content profile was done from the second 
cylinder and measured only the upper row drying cylinder until the 22th 
cylinder.  Then, a measurement was done on every drying cylinder until 
paper left the drying section.  This experiment was focused on the end 
because the last five drying cylinders were recently installed.  They needed to 
study the effect from tuning process intensively.  About the detail of the 
measurement technique for moisture content, it was not disclosed by the 
experiment team.  The surface temperature of cylinder was measured directly 
at the free surface of the drying cylinder.  The temperature measurement was 
done for all drying cylinders by installing a thermocouple directly to the 
surface.  The original moisture profile data was in form of percent of solid 
content and was converted to a moisture content form because of model 
compatibility. 
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            Table 4.3 Moisture Profile and Surface Temperature Data 
 
 
The results are very valuable for this work because that information is 
actually very difficult to get or to do an experiment with a practical paper 
machine in real paper industry.  But, since the experiment was not designed 
to be used especially for the verification of the simulation model, a very 
important parameter such as steam pressure for cylinder group is missing.  
However, the steam pressure can be backwards calculated from surface 
temperature.  The pressure then can be predicted but the opportunity to 
verify reliability of calculation model in case of cylinder surface temperature 
profile for each drying cylinder is lost.  In this situation, literature can be used 
as reference. The model for temperature calculation from saturated steam 
pressure has been for long time verified.  It was used in the form of a 
Cylinder Solid Content (%) Moisture Content (%) Cylinder Temp. (°C)
1 48
2 34.2 65.8 62
3 86
4 35.8 64.2 67
5 71
6 38.8 61.2 72
7 78
8 39.8 60.2 92
9 86
10 42.6 57.4 77
11 75
12 47.2 52.8 89
13 82
14 50.8 49.2 77
15 73
16 54 46 76
17 94
18 60.7 39.3 90
19 100
20 74.3 25.7 100
21 100
22 81.8 18.2 103
23 84.8 15.2 101
24 85.5 14.5 93
25 85 15 87
26 88.9 11.1 90
27 89.5 10.5 92
28 90.9 9.1 93
29 90.2 9.8 50
30 90.4 9.6 47
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saturated steam table for thermodynamics calculation [52].  The only problem 
is the tuning of condensate heat transfer coefficient inside the cylinder.  It 
must be tuned with intensive care and always compare the results with the 
literature.   
 
4.2 Models Validation 
 
From the data from PM1, the validation of this model has three parameters to 
compare.  The first one is the geometry of the drying section, the second one is 
moisture profile and the last one is surface temperature of the cylinder.  
Although the last parameter is a direct backward calculation from machine 
data, it is a good illustration to explain the effect of condensate heat transfer 
coefficient in the drying cylinder.  The other outputs such as final moisture 
content, energy consumption and temperature of paper web are also topic to 
compare and will be discussed at the end of this chapter.  But these topics are 
not available as a continuous comparison. 
 
4.2.1 Geometry Model Verification 
 
PM1 is a very good sample to validate the geometry model calculation results.  
The construction and design of the machine is generally not symmetrical.  The 
calculation and analysis by the other model must determine the exact drying 
phase length to input for each cylinder.   
 
 
 
 
Figure 4.2 Input for geometry model and graphical CAD model 
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The calculation procedure of the geometric model is based on a general 
method.  The formulation and detail were explained in chapter 3.  Input of 
model is measured from machine drawing.  But it is simpler.  Only the main 
dimension needs to be input and then the drying phase length is calculated.  
For one drying cylinder, its geometry interacts with the previous one and the 
one following drying cylinder.  Furthermore, the drying fabric is interactive 
with two rollers.  The Cartesian distance of x and y in Fig. 4.2 have to measure 
for input in geometry model. 
 
The distance Xc and Yc are relative dimensions between the previous (C, n-1) 
and the following (C, n+1) drying cylinder within a cylinder system (C, n). 
The distance Xr and Yr are relative lengths between the cylinder system (C, n) 
and two rollers, the previous (R, n-1) and the following (R, n+1) respectively.  
The diameter of all components is also required as input.  All input length are 
very simple to measure and all components are only straight lines on a (x, y) 
plain.  This method reduces human error of measuring the length of curve 
and error of contact point of the paper web and the drying fabric on the 
machine drawing. 
 
The calculation results were compared with a graphical model from a CAD 
program.  Some of the graphical results are shown in Fig. 4.3 and 4.4.  More 
detail for all cylinder results can be found in Appendix B.  The graphical 
model from CAD can solve the length and angle of contact length and paper 
free draw length as shows in following Figures.  The unit of length is in 
millimeter.  
 
 
Fig. 4.3 Graphical geometric of drying cylinder number 8 
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The drying cylinder number 8 is representative of a sample result of the upper 
cylinder row.  Since the geometry from left and right is not symmetrical and 
the diameter and installing position of the drying fabric roller are also 
different, then this cylinder is suitable for presentation.  For the second 
illustration, the drying cylinder number 25 represents the lower row drying 
cylinders.  Moreover, the cylinder 25 is a special case in the drying section, 
because at this point, the new cylinder group is connected with old cylinder 
group. The diameters of the old cylinders and new cylinders are still the same, 
but the distance in x axis between upper and lower row in new group 
cylinders is narrower than the old one. Both representative verification 
samples are a suitable subject for discussion for the validation of the geometry 
model.  The graphical result on cylinder surface is only in form of contact 
angle.  Then, contact length was calculated again from diameter and contact 
angle.  The results from the CAD graphic are verified again with original 
machine drawing.  This graphic confirmed a 100% matching. 
 
The calculation results of the drying phase length of the geometry model are 
compared with results from the CAD graphical model.  Table 4.4 and Table 
4.5 showed validation for the cylinders 8 and 25 respectively.  The drying 
phase length of the CAD graphic was presented in millimeter upon input unit 
from machine drawing, while the length of the geometric model is unit meter 
because the internal calculations in model need to be calculated in SI unit.  
From the both Table, it is clear that the geometry model can calculate a variety 
of drying cylinder arrangement.  The results give an exact solution equivalent 
to CAD graphical model.  
 
 
Fig. 4.4 Graphical geometric of drying cylinder number 25 
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    Table 4.4 Drying phase length results for cylinder 8 
CAD Graphic Model Geometric Model
Drying Phase 1 225.15 mm 0.225 m
Drying Phase 2 2373.21 mm 2.373 m
Drying Phase 3 161.00 mm 0.161 m
Drying Phase 4 1488.87 mm 1.488 m
Drying Phase 5 1953.02 mm 1.953 m
Length of Drying Phase
 
 
    Table 4.5 Drying phase length results for cylinder 25 
CAD Graphic Model Geometric Model
Drying Phase 1 107.34 mm 0.107 m
Drying Phase 2 2377.14 mm 2.377 m
Drying Phase 3 61.52 mm 0.062 m
Drying Phase 4 1297.11 mm 1.297 m
Drying Phase 5 2166.39 mm 2.166 m
Length of Drying Phase
 
 
As main purpose of the geometry model, it is not only designed to simulate a 
drying section that always uses the same geometric input, but it is designed to 
be used to simulate the same machine with many modifying dimensions.  It is 
suitable for case study of machine design and modifying.  For usage in paper 
machine, which needs to run only simulation processes with internal 
production parameters, the geometry calculation can be run only the first time 
and store the results in a MatLAB database file format (.mat).  After that, the 
geometric database is called to be used in the simulation program in order to 
reduce complication in the input step. 
 
4.2.2 Drying Model Tuning Parameters 
 
When the experiment data from the actual drying process is obtained, the 
simulation program has to be tuned for this particular machine.  That is 
because each machine and each paper grade production has unique 
characteristics.  The model has three variable parameters, which actually 
cannot be measured or specified exactly and they need to be tuned especially 
for PM1.  The range of parameters is taken from the previous literature such 
as [55,85,106,120,123,133].  The tuning parameters for the PM1 model 
calculation are shown in Table 4.6. 
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            Table 4.6 Calculation model tuning parameters 
Symbol Unit min. max. using 
Condensate Coefficient h sc W/m
2.°C 500 4000 1900
Contact Heat Transfer Coefficient h cp (0) W/m
2.°C 200 2200 1000
Fabric Reduction Factor FRF % 30 50 40
Tuning Value
 
 
The three parameters are varied until the best fit between predicted and 
actual paper moisture content at cylinder surface temperature is attained.  An 
object of the fitting procedure is to dry the paper web to the actual final 
moisture content.  A problem has been occurring in the tuning procedure with 
the surface temperature.  As it was explained in the previous section, the 
pressure of steam is missing.  Then, the prediction of cylinder surface 
temperature is more complicated.  First, the saturated steam pressure must be 
predicted and then apply the tuning value of condensate heat transfer 
coefficient.  Because the tuning target is following the actual moisture content 
profile, the result on surface temperature is in some points far from 
experiment data.  However, the tuning procedure ends with satisfying 
moisture content result. 
 
Condensate coefficient (hsc): this coefficient specifies heat transfer between 
steam, condensate film and the cylinder.  A change of heat transfer between 
steam and cylinder affects the outer cylinder surface temperature.  A smaller 
value of hsc affects to great temperature difference between steam and inner 
cylinder wall, when heat flux is constant.  That means the heat transfer is poor 
and temperature drop is high.  While the greater value of hsc results inverse.  
The condensate coefficient is an index to specify how good the drying 
cylinder is.  In modern design of drying cylinder, it has spoiler bar installed 
inside.  Then, they have a higher condensate coefficient and also higher heat 
transfer rate [55].   The drying cylinder with a spoiler bar installed has 
typically higher than 2000 W/m2.°C of condensate heat transfer coefficient 
[55,97,106].  For this work, 1900 W/m2.°C of condensate coefficient is fitted for 
over all cylinder surface temperature and overall moisture profile in the 
drying process.  This value also matches the typical value of the condensate 
heat transfer coefficient because the drying cylinder rotates very slowly and 
has no spoiler bar installed. 
 
Contact heat transfer coefficient (hcp (0)): the interface between cylinder 
surface and paper web surface gives resistance to heat transfer.  The 
numerical value of hcp (0) is used to calculate local contact heat transfer 
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coefficient in Equation (3.113).  It is usually difficult to predict exactly.  In 
Table 4.6, the range of contact heat transfer coefficient is between 200-500 
W/m2.°C in [38,134] and it was found as high as 2200 W/m2.°C in [60,61] for 
card board grade.   For this work, the paper grade 270 g/m2, the value of 1000 
W/m2.°C is fitted for the calculation model.  However, the local contact heat 
transfer coefficient is decreasing when the paper is dryer.  That results to 
increase of surface cylinder temperature along the machine direction. 
 
Fabric Reduction Factor (FRF): this coefficient is used to take into account the 
effect of the fabric on the mass transfer between the paper web and the air. 
The reduction of mass transfer due to the drying fabric is around 30-50% 
[38,55,134] and it is assumed to be constant for all cylinders in the drying 
section.  For this work, the value of 40% is fitted to the calculation. 
 
4.2.3 Moisture profile verification 
 
The model was calculated with input and appropriate tuned parameters.  The 
prediction results of moisture content profile was compared with experiment 
results as shown in Figure 4.4.  The predicted moisture profile begins with 
heating-up zone.  In first 12 cylinders, the calculation results of moisture 
content are very good and agreed with experiment results.  In the middle is 
constant rate drying zone.  The calculation results from the drying model 
were dryer than the experiment data.  A possible explanation for this 
difference is because it must be predicted saturated pressure for input to 
model.  The surface temperature output has been calculated through the 
condensate heat transfer coefficient.  But, the surface temperature output is 
greater than the results in the constant rate zone.  Actually, the predicted 
saturated steam pressure should be lower.  But, it has a conflict with 
temperature of paper web, which will very higher than next cylinder surface 
temperature.  It has results about reduce too much evaporation rate in next 
drying phase.  In this situation, the calculation to keep the correction on 
moisture content profile along the machine direction seems to be the best way 
to get a validation result.  However, in the falling rate zone the moisture 
content profile from the calculation model is convergent to the experiment 
results again. 
 
The trend of moisture content profile of the calculation results is in general 
fairly good.  It shows a potential to predict a different moisture content 
gradient in each drying zone and it is very clear in the falling rate zone.  The 
cooperation with the paper manufacturer for the complete experiment data 
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will be fulfilled later.  It couldn’t be completed because the paper machine is 
in operation period and the machine’s maintenance planning times do not 
match with the dissertation schedule.  
 
 
 
 
Figure 4.5 Comparison between measured and predicted moisture content of paper web 
 
 
 
 
Figure 4.6 Comparison between measured and predicted surface temperature of 
cylinder 
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4.2.4 Verification of cylinder surface temperature 
 
An absent of saturated steam pressure of each drying cylinder is a problem.  
But the exact surface temperature of each drying cylinder can be actually 
calculated.  However, the drying system will not reach a good validation 
result.  Then, the verification procedure must be tuned on target to reach 
moisture content profile.  The actual of surface temperature from experiment 
is always concerned as a constraint of tuning. 
 
The characteristic of PM1 is very strange from most paper machine in 
literature.  It is very slow and operates at rather low drying temperature.  In a 
typical setup for drying temperature, the surface temperature will step up as a 
stair along the machine direction [2,7,31,38,55,135].  But temperature set up 
for PM1 is not like this.  For this pattern, the author’s point of view is that the 
experiment was designed to setup a new cylinder group to operate with the 
old cylinder group, and then the temperature profile of the experiment is 
random because of the setup procedure.  However, the comparison of the 
calculation results with measurement in Fig. 4.5 rather matches the 
experiment in the falling rate zone.   
 
4.3 Other case study of calculation results 
 
Although only two result parameters can be used for verification with 
experiment, there is more output from the calculation model.  From previous 
section, it was presented that the trend of comprehensive results from the 
calculation model is convergent with experiment.   But inside the individual 
calculations of each drying cylinder there are another three interesting 
parameters to discuss.  The first one is the temperature profile of paper web 
during the drying process, the second parameter is evaporation rate and the 
last one is heat flux of the drying cylinder.  As a good illustrative example, the 
discussion will take graphical results from three drying cylinder calculations 
in the three different drying zones.  The 2nd cylinder was selected for 
representative drying cylinder in heating up drying zone.  The 16th cylinder 
was chosen for discussion of constant rate drying zone.  And, the 27th cylinder 
was selected in order to be a sample of drying cylinder in falling rate zone.  In 
this section the individual graphic results of the selected drying cylinder are 
intensively reviewed.   
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The individual analysis of the paper drying process for each drying phase on 
one specific drying cylinder is a good tool to study of drying process.  
Furthermore, it can be used also to study the change of design parameters, 
especially the geometrical design of modern drying sections.  The five 
graphical results from the five individual parameters are shown and 
discussed in the following section. 
 
 
 
Figure 4.7 Temperature profile of calculation node in wall thickness of cylinder 2 
 
 
 
 
Figure 4.8 Temperature profile of calculation node in wall thickness of cylinder 16 
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Figure 4.9 Temperature profile of calculation node in wall thickness of cylinder 27 
 
 
4.3.1 Local temperature profile of cylinder surface 
 
The graphical results of individual temperature of the cylinder surface for 
three samples are shown in Fig. 4.6, 4.7 and 4.8 respectively.  For the cylinder, 
the calculation node arrangement was placed by 5 nodes.  The last node 
(NC5) is always setup at the outer surface, which contacts with the paper or 
surrounding air.  The first node (NC1) is always setup for inner cylinder 
surface.  More information can be found in section 3.4.1 or in Figure 3.17 in 
Chapter 3. 
 
The operating steam pressure for sample cylinder is 0.250, 0.80 and 0.40 bar 
for cylinders 2, 16 and 27 respectively.  The calculated steam temperature for 
each cylinder is already shown in its graphic.  The result for the heating up 
zone at cylinder 2 shows that the surface temperature of cylinder is changed 
by the influence of the paper temperature.  It occurs in the same way also in 
the constant rate drying zone.  The temperature profile behavior of drying 
cylinder during drying process has been also studied in many previous 
literatures [2,7,13,23,31,38,55,57,58,60,61 ].  They have found that the 
temperature profile variation of the rotation cylinder surface from minimum 
to maximum was about 0.6°C [55] or very small.  Most literature has assumed 
that the surface temperature is constant during its rotation 
[23,31,38,55,58,60,61,135].  The calculation results from this work clearly agree 
with the past works. 
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The surface temperature profile on cylinder 27 shows some special behavior.  
It presents a temperature profile when the paper web temperature is higher 
than steam temperature inside drying cylinder, as shown in Fig. 4.8.  There 
are more drying cylinders in PM1, which has setup temperature lower than 
paper temperature input such as cylinder 14, 24, 26 27, 28,29 and 30.  Most of 
the cylinders are installed at the end zone of the drying section.  This behavior 
was investigated and it can be implied, as a special case for paper board 
grade, that when the paper board web entered the falling rate drying zone, 
the operating temperature of drying is high because the paper web needs 
more heat to evaporate bound water.  It is called heat of adsorption.  The high 
temperature is operated at cylinders 20, 21, 22 and 23 for PM1.  After the 
higher temperature cylinder group, the paper web is cooled down, but the 
temperature is still controlled.  The temperature setup for the last five 
cylinders is slowly decreased.  The steam supply is still fed to the cylinder in 
order to hold up the paper temperature and the evaporation rate.  However, 
the temperature scale in Fig. 4.8 is very intensive.  The maximum difference of 
surface temperature between inner and outer surface of cylinder is around 
0.3°C, and the minimum and maximum temperature profile of contact surface 
is around 0.15°C.  That can be assumed as constant in practical use.    
 
4.3.2 Local temperature profile of paper web 
 
The local temperature of the paper web was calculated under a steady state 
condition in the drying section.  The calculation nodes were placed on five 
positions along the thickness direction of the paper web.  Unlike a cylinder 
model, both surface nodes of the paper web have equal opportunity to contact 
directly the cylinder or contact the drying fabric or drying air.  From chapter 
3, the formulation of a paper model has placed the first surface node at the 
bottom side of paper.  The contact side of paper web can be predicted exactly.  
The first node (NP1) will contact directly the cylinder surface at every upper 
row of drying cylinders.  And then, node 5 (NP5) must contact with every 
lower row of drying cylinders. 
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Figure 4.10 Local temperature profile of paper web on cylinder 2 
 
 
Figure 4.11 Local temperature profile of paper web on cylinder 16 
 
 
Figure 4.12 Local temperature profile of paper web on cylinder 27 
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The graphical results of local temperature profile of paper web for the sample 
cylinder are shown in Fig. 4.9, 4.10 and 4.11 respectively.  In the heating up 
zone, the temperature of paper increases and still increases at free draw.  This 
behavior occurs because of the influence of the surrounding air inside the 
drying hood.  The average temperature of drying ambient air for PM1 is 
around 85°C from machine data.  In Figure 4.9, it can be seen that the 
temperature at contact side (NP1) is clearly higher than the air contact side.  
At the end of contact, the temperature of the cylinder’s contact side is 
decreased by convective heat transfer and with a very small amount of water 
evaporation.  The temperature inside the paper has been disseminated by 
internal conduction heat transfer.  And then the temperature of all nodes is 
convergent at the end of free draw. The drying process is operated in the 
heating up zone until cylinder 5.  The temperature at each node in the 
direction of paper thickness is not too different and there is a decreasing trend 
of the temperature profile in free draw.  The temperature of the paper’s 
surface has reached the evaporating temperature and entered the constant 
rate drying zone.  The pattern of the graphic presents the progress of the 
drying process very well and a good concurrence with trend of moisture 
content profile in Figure 4.5. 
 
Cylinder number 16 represents cylinders in the constant rate zone.  The 
graphical result is shown in Figure 4.10.  The calculation of the temperature 
profile in this zone has some problems with Round-Off Error in the 
calculation of the temperature matrix.  The maximum difference of error is 
about 0.05°C at the end of drying phase 2.  The calculation program for this 
drying phase was re-examined especially at contact of paper surface.  The 
problem has indicated at boundary condition of paper-fabric-air interfaces.  
But the problem cannot be solved at this moment. It is suspected that the 
origin of the problem is in the convective heat transfer coefficient at fabric-air 
contact surface.  This error was shown in the graphical results of most 
cylinders in the drying phase 2.  The error zone of the calculation is focused as 
shown in Figure 4.12.  The temperature of the surface node NP5 in Figure 4.12 
should not be greater than the temperature at node NP1 because the node 
NP1 contacts directly the cylinder surface.  The error was not solved but it 
was later investigated; it was found that the maximum error is not more than 
0.05°C, which is not significant in the calculation of the heat transfer and 
moisture content.  Nevertheless, the programming problem must be solved in 
further work. 
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Assuming the error zone had never occurred, the temperature profile at the 
end of the drying phase should be equal for all nodes.  And then, at drying 
phase 3, the surface node NP5 contacts air directly, while the surface node 
NP1 still contacts the cylinder.  The temperature of node NP5 decreases very 
quickly, while node NP1 is still heated.  But temperature of node NP1 does 
not increases because of the influence of the decreasing temperature at node 
NP5.  After the paper web leaves the cylinder surface, the temperature at both 
surface nodes decreases quickly because of simultaneous evaporation and 
convection.  The graphical result can explain the drying process very well on 
every cylinder in the constant rate drying zone. 
 
 
Figure 4.13 Round-Off Error in Paper-Fabric-Air boundary condition 
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drying section in order to feed more heat to evaporate the bound water in the 
falling rate zone.  But these cylinders have graphical results with the same 
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another cylinder that operated and showed the results in difference form.  
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The temperature of paper is higher than cylinder 27 at first contact in the 
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nodes and then convergent to equal temperature along the drying direction.  
In this drying zone, the calculation results present also great potential to 
explain the temperature behavior in the drying process. 
 
The temperature profile of the paper web from the drying model was 
compared with other paper board grade calculation model 
[7,38,55,58,60,61,104,135].  It was found that most of the model calculation 
results have a great value of paper web temperature swing.  Especially in 
Wilhelmsson [135], Karlsson [60,61] and Gaillemard [38], the difference 
between maximum and minimum of paper web temperature is about 20°C in 
the constant rate zone and still rather high as about 15°C in the falling rate 
zone.  A discussion has presented that this is an effect of the heat of 
evaporation in free draw.  Some machines have an unheated lower row of 
cylinders installed [135].  Then, the paper web temperature can be decreased 
continuously.  However, the experiment and verification in these literatures 
have measured the temperature at only one point in free draw.  That seems 
not enough to verify the results of the temperature profile.   
 
The calculation model in this dissertation has also a temperature swing in free 
draw.  But it was different depending on the drying zone and this 
temperature difference is not as big as in comparing literatures.  In this work 
absents the information to verify the temperature profile from simulation 
program.  However, it able to use for predict the drying process because the 
moisture profile from simulation has a satisfied Verification.  The typical 
drying process has always been operated in control surrounding air in drying 
hood.  It has average temperature about 85 to 95°C.  The paper web runs from 
one drying cylinder to the next one in a time of about 8 seconds (for PM1) and 
about 1 to 4.5 seconds for modern machines.  The time on free draw is 1.93 
seconds for PM1 and fewer for other faster machines.  Can or how the paper 
temperature decreasing by 20°C in very short time under standard drying 
condition?  And, if the paper temperature is reduced by the heat of 
vaporization, why at the falling rate zone the paper temperature still 
decreases so much?  While it has practically very low evaporation rate in this 
zone and the paper web is almost dry. 
 
Those were some suggestions to the typical results from previous literatures 
and it is an idea to design an experiment for further work.  However, it was 
found that the behavior of the paper temperature profile in a multi-cylinder 
drying process depends on many factors.  One of the complicated factors is 
the boundary conditions of convective heat and mass transfer.  And that may 
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influence the exact physical properties of each individual paper grade.  That 
must be analyzed intensively. 
  
4.3.3 Local Evaporation Rate 
 
The local evaporation rate is one of the products from the calculation results.  
It can present the trend of evaporation when operating in a different drying 
zone.  For overall outlook, the behavior and pattern of the graphical results of 
the local evaporation rate is the same for all drying zones.  All of them have 
very small value of evaporation rate at drying phase 2, and on the other hand 
they have a great evaporation rate in free draw run.  The clear difference 
value of them is the value of evaporation rate. The calculation model matches 
the results of theory and the other results from literature. 
 
Focusing on the local solution of the evaporation rate at each drying cylinder, 
the amount of 0.00005 kg/m2.s has evaporated in drying phase 4 of a cylinder 
in the heating up zone.  It shows that the heat transfer from the drying 
cylinder to the paper is mostly for heating up the paper.  This result matches 
both the drying theory and the reference literature.  From the results, a new 
idea to improve heat transfer in the heating zone has come. Since it has been 
proved clearly that the heating up zone has a very low evaporation rate, the 
free draw length should be reduced in order to hold the paper temperature 
high before it enters the new drying cylinder.  This idea has been used in the 
simulation example in Chapter 5.  More information can be found in section 
5.1. 
 
 
Figure 4.14 Local evaporation rate from paper web during drying at cylinder 2 
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“The evaporation rate is the highest in the constant drying rate zone” said the 
literature and it was proved by the graphical results of all cylinders in the 
constant rate drying zone.  A high evaporation occurs at free draw (drying 
phase 4), and it is also an idea to improve the evaporation performance 
through the modification of the machine’s geometry. Since the free draw is an 
intensive evaporation zone of each drying cylinder, the free draw length 
should be increased in order to extend the time and area of evaporation.  The 
proof of this suggestion is added to one of the simulation case studies in 
Chapter 5. 
 
 
Figure 4.15 Local evaporation rate from paper web during drying at cylinder 16 
 
 
Figure 4.16 Local evaporation rate from paper web during drying at cylinder 27 
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At the falling rate zone, the highlight is focused on the cylinder with the 
highest surface temperature.  The behavior of the local evaporation rate has 
the same pattern of results as the one in the constant rate zone.  Then, the new 
geometry design for the constant rate zone will apply also to the high 
temperature cylinder group.  For the last five cylinders with cooled surface 
temperature, the results of local evaporation rate show a very small value.  
Then, the simulation example will use the same design condition of heating 
up zone. 
 
One significant advantage from the local evaporation rate calculation is that it 
can be used as a tool to determine which cylinder is in the heating up, 
constant rate or falling rate zone.  The combination of local evaporation rate, 
local temperature profile and local moisture profile is a very reliable tool to 
investigate the drying process.  
 
4.3.4 Local Heat Flux on Cylinder Surface 
 
Before discussing about the result of the local heat flux on cylinder surface, it 
must be explained that the graphical heat flux result does not include heat of 
evaporation and heat of adsorption.  The purpose to collect this data is to 
prove the heat flux loss from surface cylinder at air contact.  But in the same 
way, there are some heat fluxes that are not used directly to evaporate water; 
they are the heat flux of steam-condensate-cylinder-paper.  Some amount of 
heat must pay off from the total heat flux during transfer across boundary, 
such as from steam through condensate film - cylinder wall – paper web to 
drying air.  It cannot be called a loss but it reduces the amount of heat for 
evaporation and it is a part of the 2nd law of thermodynamics.  The same 
behavior occurs on the free surface of a drying cylinder.  The amount of heat 
flux from steam through the cylinder wall to the drying air can be call heat 
loss of the drying system.  The illustration results are shown in Figure 4.16. 
 
The trend of local heat flux is high at the beginning of contact and decreases 
along the contact length.  That is because the temperature of paper is also 
increased along the contact length.  When the temperature difference is 
decreased the heat flux also decreases.  This relation was explained in Chapter 
3.  The graphical results of local heat flux have the same pattern for most 
drying cylinders and it has been proved that only the contact surface has 
more heat flux than free surface.  The accumulative result of heat flux along 
the cylinder surface is more important.  It is an illustration of energy 
consumption of each drying cylinder. 
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Figure 4.17 Local heat flux on cylinder surface of cylinder 2 
 
4.4 Conclusion 
 
The experiment results of the paper machine modifying team are very useful 
for the verification.  Although the detail and method of the experiment are not 
clear, the tendency of the experiment result is typically good.  The calculation 
results have been compared with the experiment results and show a very 
good validation of the moisture content profile.  
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Chapter 5 
 
 
Illustrative Simulation 
 
 
 
In this chapter, a simulation model has been used to analyze the new design 
of the drying section.  The PM1 has been modified with a new geometry 
design and some other case studies.  Actually, there are many parameters to 
study in the simulation of the drying process of paper such as the case study 
of steam pressure supply, machine speed and drying supply air. These are the 
main parameters for simulation in previous works 
[2,3,6,13,23,38,53,60,61,104,106,120,121, 123,135,138].  Most simulations have 
the purpose of controlling the drying process online.  A comprehensive result 
has already been presented and used in practical process control such as the 
work from Slätteke [120].  But a simulation, with the target to modify the 
drying section geometry, was rarely found.  The simulation model in this 
work is built based on theories from previous literature.  A geometric model 
was affixed in the simulation model to extend the flexibility of the calculation 
model.  It can also calculate or simulate variable processing parameters such 
as steam pressure or machine speed.  But it would be better if the case study 
presented different viewpoints of the simulation results.  However, in this 
work, the other parameters were also studied. 
 
This illustrative example of process simulation will emphasize the effect of a 
new geometry design.  Based on the same process parameters, the results 
from new geometry design will be compared with results of the original 
practical process from Chapter 4.  A method to modify and design new 
drying section geometry is presented in the following section. 
 
5.1 Effect of Geometry Design 
 
The new geometry design of the PM1 drying section takes the idea from the 
analytical results in Chapter 4.  Since the results from the simulation program 
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have displayed which region in the drying section has low or high 
evaporation potential, then some design condition can be put into that point 
to modify the arrangement of the drying cylinders.  The modification example 
has two main subjects.  The first one is improving the drying performance and 
the second one is reducing the construction or operating cost.  Without a 
simulation model to predict the effect of a new design condition, that must be 
done with the trial and error method, which is really costly and time 
consuming. 
 
From the new design point of view, the PM1 drying section has been divided 
into 3 parts.  Since we have known clearly from simulation results how long 
each drying zone in drying section is, the quantity of cylinders in each drying 
zone can be exactly defined.  The first cylinder group in the heating up zone 
consists of cylinders 1 to 5.  The cylinders 6 to 22 are members of the constant 
rate zone and the last, cylinder 23 to 30 are part of the falling rate zone.  The 
new design will take place at the heating up and falling zone.  For the 
constant rate zone, we will keep the original geometry because the 
modification of the machine construction in the middle of machine seems to 
be costly. 
 
In the constant rate zone, the behavior of the drying process has shown a low 
potential of evaporation.  The main process in this zone is heating up the 
paper web.  The idea to modify this cylinder group is reducing the free draw 
length and/or increasing contact length.  But in the case of reducing free draw 
length, it has already been done by the engineer who designed the PM1.  The 
pre-drying section is already designed to minimize the free draw length.  The 
length between upper cylinder and lower cylinder row is closer than the other 
parts from cylinder 1 to 4.  Then, there is only the modification of the contact 
length left to do.        
 
For increasing the contact area, the first four original cylinders have been 
replaced with two new drying cylinders, each cylinder has 3 meter in 
diameter.  The new arrangement and new geometry of the sample case study 
is shown in Figure 5.1.  The new design has completely replaced the space 
between roller A and cylinder 5.  The new drying cylinder installation has no 
effect on other structures of the drying cylinders.  The dashed line behind the 
new cylinder is the original drying cylinder arrangement.  The difference of 
dimension is only in height of drying section.  That affects the drying hood 
size that must be higher when the new design of the drying section is 
installed. 
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Figure 5.1 New geometry design of cylinder group in heating up zone 
 
 
 
 
Figure 5.2 New geometry design of cylinder group in falling rate zone 
 
In the falling rate zone, the drying rate is low and the paper web needs to cool 
down.  In practice, the original geometry of the machine should be left 
unchanged, because, although it has a low drying rate it still needs area for 
evaporation.  But for this study, the geometry will be changed into a new 
design condition.  From cylinder 27 to 30, the distance between upper and 
lower cylinder will be narrowed in about 27%.  This new geometry design 
was based on minimized the length between upper and lower row of the 
drying cylinder.  The new cylinder arrangement is shown in Figure 5.2.  The 
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dashed line behind was the original machine arrangement.  From the new 
design, it can be clearly seen that the design has neither any effect to other 
parts of machine nor on the drying hood.   
 
After the new geometry design has been established, the new input for the 
geometry model is prepared for simulation.  First, in this simulation, only the 
geometric data has changed from the original.  The other process parameters 
have been left as the original in order to study the sensitivity of a change in 
geometry in relation to the whole drying process.  However, the steam 
pressure of the new drying cylinders must be rearranged.  For the first new 
cylinders, it is installed for both cylinder 1 and 2.  Both cylinders have 0.25 bar 
of saturated steam supply.  Then, we will also use original steam pressure for 
the first cylinder.  The second cylinder is designed to replace cylinders 3 and 
4.  In the original setup, the drying cylinder 3 was supplied 1.0 bar of 
saturated steam, while cylinder 4 was supplied 0.8 bar of saturated steam.  
Then, the setup parameter for steam supply in cylinder 2 used the average 
value 0.9 bar, as input for the simulation program.  
 
Table 5.1 Comparison of geometry changing for heating up zone 
Orignal Design    
(4 Cylinders)
New Design1         
(2 Cylinders)
New Design2         
(2 Cylinders)
New Design3         
(2 Cylinders)
Contact Area m
2
24.9 24.8 24.8 24.8
Free Draw Area (2 sides) m
2
20.7 13.5 13.5 13.5
Total Evaporating Area m
2
45.6 38.3 38.3 38.3
Heat Loss Surface m
2
17.5 17.2 17.2 17.2
Paper Temperature at the End °C 90.4 90.5 92.8 94.3
Moisture Content at the End % 64.7 65.2 64.9 64.7
Drying Time sec 32.9 29.5 29.5 29.5
Physical Comparison
1 Simulation results with original process parameters, 0.25 bar at Cylinder 1 and 0.9 bar at Cylinder 2
2 Simulation results with 0.4 bar at Cylinder 1 and 0.9 bar at Cylinder 2
3 Simulation results with 0.5 bar at Cylinder 1 and 1.0 bar at Cylinder 2
 
The comparison of different physical changes in geometry is shown in Table 
5.1. The results of the simulation without any change in the process 
parameters has shown that the paper temperature at the end point can reach 
90.49°C as shown in the column of New Design1 in Table 5.1.  This 
temperature is equivalent to the end point of paper temperature in the 
original PM1 geometry.  That means the new geometry design can heat up the 
paper web to the same level of original geometry.  And the paper web has 
reached the constant rate zone after cylinder 5.  But, when focused on 
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moisture content, the results of the new geometry design are much lower than 
the original design.  The moisture content at the end of the new cylinder 
group is about 0.47% higher than original.  That is because of the effect from 
the design condition which reduces free draw and increases contact area.  
This value seems to be a small difference, but in practice it gives a heavier 
drying load to next drying cylinder.  In order to tune up the new cylinder 
group, the simulation case target now is to find an optimal steam pressure 
supply to each new drying cylinder. 
 
The first steam adjustment has been done to the first cylinder.  It gains from 
0.25 to 0.4 bar.  The steam pressure at cylinder 2 still supplies at 0.9 bar.  The 
simulation program has been run with the new pressure input and the results 
are shown in the column of New Design2 in Table 5.1.  The paper temperature 
at the end point of the cylinder group is higher but this is not a problem.  
Because at this point, the design condition needs a minimum temperature 
equal to the original design and it can be greater than 90.42°C.  Regarding the 
moisture content, these results show that the adjustment of steam pressure 
was not enough to gain the required amount of evaporation.  Then, the steam 
pressure must be adjusted again. 
 
The steam pressure was adjusted many times and simulated with the 
program to determine to optimal condition.   The results from column of New 
Design3 in Table 5.1 show the final results of the simulation.  With 0.4 bar 
steam supply at cylinder 1 and 1.0 bar at cylinder 2, the moisture content at 
the end point of the cylinder group is 64.720%.  The difference of 0.023% is an 
acceptable additional drying load for the next cylinder group.  Then, the new 
design geometry can completely replace the original four drying cylinders. 
 
                  Table 5.2 Comparison of geometry changing for falling rate zone 
Orignal Design    
(4 Cylinders)
New Design1         
(4 Cylinders)
Contact Area m
2
24.3 26.1
Free Draw Area (2 sides) m
2
23.6 12.6
Total Evaporating Area m
2
48.1 38.6
Heat Loss Surface m
2
18.1 16.0
Paper Temperature at the End °C 54.0 54.1
Moisture Content at the End % 9.3 9.5
Drying Time sec 40.3 30.4
1 Simulation results with original process parameters
Physical Comparison
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The last cylinder group has been simulated with the same format as the first 
group.  The comparison of results is shown in Table 5.2.  For the last group, 
the output temperature at the end of the drying process is exactly equal to the 
original design geometry.  However, the result from this simulation is a 
continuing process of the first group.  It is the design condition of the New 
Design1 in Table 5.1.  The result shows the effect of the moisture content 
through the drying process.  At the end point, the moisture content is about 
0.239% greater than the original.  This result shows that the 0.47% exceeding 
content of moisture of the first cylinder group will not be completely removed 
by the original drying process parameters.  The process can recover only 
about 0.231% of exceeding moisture content of the new machine setup.  It has 
been confirmed that design condition in column New Design3 in Table 5.1 
should be safe to use in practice. The design conditions in last cylinder group 
have not been modified, because the adjustment of steam pressure affects to 
the temperature of the paper web at the end of the drying section.  The new 
operating parameters should be modified at the first group instead.  The 
discussion and conclusion of the effect of geometry design for drying section 
can be found in section 5.5.  Because the comprehensive profile of other 
parameters must be also studied in order to judge the availability or 
possibility to apply the new design condition to a practical process.  
 
5.2 Study of Temperature Profile 
 
Temperature is a parameter that is actually easy to measure in typical 
industrial processes.  It will be more complicated in the drying section but this 
parameter is still a good illustrative parameter to investigate the drying 
process of paper.  The difference of temperature between steam supply and 
outer drying surface shows how good the condensate removal of the cylinder 
is. On the paper web surface, the temperature is an index of evaporation 
rating.  Moreover, the behavior of paper temperature profile shows the status 
of the drying process such as paper in the constant rate zone has rather 
constant temperature profile, while paper temperature rises up in heating up 
and falling rate zone.  The illustrative study of the temperature profile was 
divided into two parts.  The first part studies the local surface temperature of 
the drying cylinder, especially in the new geometry design cylinder group.  
The second part studies the temperature profile of paper web passing through 
the new geometry design cylinder group.  Furthermore, the effect of the 
process modification on the middle drying cylinder group, which operates 
with original process parameters, was also studied.  In this case study, the 
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middle group of drying cylinders consists of cylinders 14, 15, 16 and 17, which 
were selected for investigation. 
 
5.2.1 Local Temperature Profile of Paper Web and Cylinder Surface 
 
The surface temperature of the drying cylinder varies depending mainly on 
the steam supplied condition.  The minor parameters which affect to the 
surface temperature are paper web and surrounding air in the drying hood.  
The behavior and characteristics of the cylinder surface temperature have 
been presented in section 4.3.1.  Then, this section discusses about the effect of 
the geometry design and parameters variation of the simulation. 
 
Under original steam pressure setup for drying cylinder, the first group which 
consists of four cylinders, has been operated with low pressure at beginning.  
Cylinders 1 and 2 have 0.25 bar steam supply.  The operating temperature 
inside the drying cylinder is about 64.96°C.  Cylinder 3 operates at a rather 
high pressure for the first steam group.  It has 1.0 bar of saturated steam 
supply.  The last cylinder in first group is cylinder 4.  Its operating pressure is 
reduced to 0.8 bar.  The setup pattern of the first cylinder group of PM1 is 
rather strange when compared to other machines in literatures.  But, it must 
be remarked again that our PM1 produces a hard grade paper board and its 
production speed is very slow.  The first 2 cylinders have been worked as 
preheating at low steam pressure.  The cylinder 3 boosts up the paper 
temperature to evaporation temperature.   And, cylinder 4 holds on the paper 
temperature and passes to the next drying cylinder group.  The graphical 
comparison of temperature of the simulation of the new geometry design 
with original process parameters (New Design1 in Table 5.1) is shown in 
Figure 5.3 to 5.8.   
 
The analysis and comparison of simulation results in the heating up zone, 
where the original four drying cylinders were replaced with new two bigger 
drying cylinders, is shown in Figure 5.3.  The new replaced cylinder has a 
smoother and more continuous surface temperature profile at the beginning 
than the original profile because the paper web is heated continuously along a 
longer contact length.  But the surface temperature profile alone cannot tell 
everything.  For this area, the temperature profile of paper web must be 
considered simultaneously.   
 
The paper web temperature profile for the heating up zone is shown in Figure 
5.4.  It can be clearly seen that the paper web temperature in the original 
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design drops after leaving the first cylinder.  But, the temperature of the paper 
web with the new geometry design raises continuously.  Moreover, the 
temperature of both paper surfaces has reached equal temperature more 
quickly than the original design.  That is an advantage of the new geometry 
design with single long contact length at beginning.  However, the end point 
temperature of the paper web after the new cylinder 1 is lower than the 
original design because the relative temperature between cylinder surface and 
paper web is in equilibrium.  The potential of operating steam is not enough 
to gain more temperature for the paper web.   In other words, the bigger 
cylinder can be designed to operate at higher steam pressure than the smaller 
cylinder then, the paper temperature can be continuously raised up and has a 
higher temperature at the end drying phase point.  Continuing on the paper 
web running path, the second new design drying cylinder operates at 0.9 bar.  
It heats paper web from pre-heating temperature to evaporation temperature 
in one step along its contact length.  The operating pressure of cylinder 2New 
has been chosen from average value of operating pressure between cylinder 3 
and 4 of original design.  Those were trial and error design conditions in order 
to try to simulate the drying process as similar as the original process 
parameters.  The comparison of cylinder surface temperature of cylinder 2New 
with the original cylinders 3 and 4 in Figure 5.3 is concurrent and the 
temperature value is not too different.  The paper temperature profile still 
shows the smooth and continuous rising of paper web temperature for the 
new design cylinder. 
 
 
Figure 5.3 Temperature profile of drying cylinder surface in heating up zone 
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Figure 5.4 Temperature profile of paper web surface in heating up zone 
 
 
 
 
Figure 5.5 Temperature profile of drying cylinder surface in constant rate zone 
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Figure 5.6 Temperature profile of paper web surface in constant rate zone 
 
 
 
 
Figure 5.7 Temperature profile of drying cylinder surface in falling rate zone 
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Figure 5.8 Temperature profile of paper web surface in falling rate zone 
 
 
As it has been previewed in section 5.1, the simulation of the new geometry 
design gives very good results of end point temperature.  When the paper 
web runs through the middle cylinder group in the constant rate zone, the 
temperature profiles of the cylinder and the paper web are absolutely 
equivalent as shown in Figure 5.5 and 5.6.  That result represents that there is 
no effect on the temperature profile when the new design condition gives the 
same result of temperature.  However, the aim of drying section design is not 
on ending temperature but mainly on moisture content.  The topic moisture 
content will be reviewed in section 5.3. 
 
The last cylinder group was modified to study effect of decreasing the free 
draw length and increasing contact length at the end of the drying section.  
The simulation results on temperature profile of the cylinder’s surface and 
paper web temperature show the same trend and values of temperature as 
shown in Figure 5.7 and 5.8.  That can point that the changing of geometry 
does not affect the temperature profile of the cylinder and paper surfaces, 
when operated under the same process conditions. 
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5.2.2 Overall Temperature Profile for Drying Section 
 
Figure 5.9 Overall temperature profiles from simulation of new design geometry 
 
The overview of temperature profile of the whole drying section is shown in a 
graphic form in Figure 5.9.  The temperature profile of paper varies 
concurrently with the surface temperature of the drying cylinder along the 
machine direction.  The temperature difference between paper and cylinder is 
not much.  That causes the machine speed to be low and the average 
operating temperature of PM1 to be rather low when compared with other 
paper machines in literature.  The temperature of paper reduces in free draw 
but there is not much difference between the maximum and minimum values.  
The maximum temperature of paper web in this drying process is about 
98.80°C which is within the normal range of evaporation temperature in the 
drying process [55].   
 
Although the graphic presents clearly a comparison of results of temperature 
profile, the moisture content needs to be discussed in the analysis of the 
simulation results, which will be reviewed in the next section. 
 
5.3 Study of Moisture Profile 
 
Local moisture content in the paper web at any region in the drying section is 
the main concern of the design conditions.  The moisture profile has a 
decreasing trend with water evaporation process.  The mechanism of the 
evaporation process for paper drying was reviewed in section 3.1 and the 
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investigation of the original moisture profile has also been presented in 
section 4.2.3.  In this section the local evaporation rate and local moisture 
profile will be a topic to study and discuss. 
 
5.3.1 Local Evaporation Rate 
 
The local evaporation rate represents the potential of evaporation that can 
occur in each drying phase in a drying cylinder.  This parameter is actually 
very difficult to measure online in a practical drying process.  The most 
widely used method to calculate the local evaporation rate is the local 
temperature.  However, in the field of paper drying control, the measure of 
local moisture content is a useful method to estimate the dryness of paper in 
order to then analyze the result with the drying model and send a control 
signal to control the other parameters in the drying process.  But, for design 
engineering, only the local moisture content is not enough to investigate and 
to indentify how good the design condition is. 
 
The local moisture content from the simulation program is a direct product of 
the Stefan Equation as presented in equation (3.20).  It has been calculated 
with specific calculation algorithms in this simulation program.  The result for 
each calculation step in sub-element of the drying phase can be indentified 
and the coordinate position of results can be also indentified.  It is a highlight 
of this simulation because most literature has focused on local moisture 
content in order to use it for control purposes. 
 
In the first cylinder group of PM1, the local evaporation rate comparison for 
the new geometry design against the original design is shown in Figure 5.10.  
The trend of the overall evaporation rate for the first group is in low range.  
Especially for the cylinders 1 and 2 in the original design, the local 
evaporation rate is clearly lower than cylinder 1New in the new geometry 
design.  Cylinder 3 has a better value of evaporation rate than cylinder 2New at 
the beginning because of its free draw length.  But after the paper contact with 
the surface of cylinder 2New, the evaporation rate increases continuously 
although the drying fabric contacts it at the evaporation surface.  And, for the 
last section, the evaporation rate on the cylinder 2New is better than the 
original beyond the endpoint of the first drying group.  The drying rate result 
of the new design condition seems to be a good result, especially when 
simulating with the same process parameters.  The local moisture content as 
shown in Figure 5.11 is the parameter to judge the drying performance in this 
zone.  The value of evaporation rate and moisture content is related to the 
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evaporating area and time.  Then, the moisture content profile of the original 
design in Figure 5.11 has a good advantage because of the evaporation area 
on free draw.  Although the cylinder 2New has a higher evaporating rate result, 
the cylinder group under the original design still has a greater amount of 
water evaporation because it has more evaporating area, especially in free 
draw. 
 
However, this problem can be solved by determining new process parameters 
for operation.  The illustration example was reviewed in section 5.1. A new 
steam supply pressure was the tuning parameter and has been simulated as 
shown in Table 5.1. 
 
The study of effect when the drying process is operated by difference 
moisture content from new design condition can be investigated with result in 
Figure 5.12.  When the geometry and the operating parameters are not 
changed, the characteristics of evaporation rate are also the same as in the 
original design.  That confirms the precision of the simulation program and 
the processing parameters.  However, a very important effect can be found in 
Figure 5.13.  The amount of water that should be evaporated in the first 
cylinder group is still in the paper web.  This effect is still active along the 
drying path to the last cylinder group and the paper web will never reach the 
target final moisture content.  That is a terrible problem in practical paper 
production.  The alternatives to solve this problem will be reviewed in section 
5.5 but one solving method has already been shown in section 5.1. 
 
Moreover, the simulation result shows that the evaporation rate on the contact 
surface is very different from the one in free draw.  The Fabric Reduction 
Factor of 40% affects significantly the local evaporation rate.  That behavior 
supports the idea to improve the evaporation performance by increase the 
free draw area between the drying cylinders.  The trend of local moisture 
content in Figure 5.13 also confirms that the drying process is in the constant 
rate zone. 
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Figure 5.10 Comparison of local evaporation rate in heating up zone 
 
 
 
 
 
Figure 5.11 Comparison of local moisture content profile in heating up zone 
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Figure 5.12 Comparison of local evaporation rate in constant rate zone 
 
 
 
 
 
Figure 5.13 Comparison of local moisture content profile in constant rate zone 
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Figure 5.14 Comparison of local evaporation rate in falling rate zone 
 
 
 
 
 
Figure 5.15 Comparison of local moisture content profile in falling rate zone 
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In the last cylinder group, the new arrangement of cylinders 27, 28, 29 and 30 
affects increasing the contact area.  But it reduces the free draw area 
drastically.  The new arrangement of the last cylinder group can be found in 
Figure 5.2.  When the geometry between the upper and lower cylinder is 
about 27% narrowed, the free draw area is about 50% reduced and the contact 
area increases in only 6.75%.  The effect on the local evaporation rate can be 
found in Figure 5.14.  At cylinders 27New and 28New, the evaporation rate 
increased in a small value around 1.0×10-4 kg/m2.s.  That is not significant in 
order to increase the drying performance.  Moreover, the free draw area of the 
new design condition is reduced, and then the evaporation performance is 
significantly degraded when compared with the original design. The 
modification of geometry at the last cylinder group is absolutely unsuccessful 
in case of improving the drying performance.  But, it seems rather good when 
focused on the reduction of construction parts and size.  The lack of drying 
performance can be solved with the adjustment of other process parameters.  
When the machine really needs to be installed in a specific area, it can be built 
or modified with this geometry design. 
 
5.3.2 Overall Moisture Profile of Drying Section 
 
The pattern and trend of overall moisture profile for the whole PM1 is 
concurrent with the original as shown in Figure 5.16.  It is not surprising to 
have this result because it uses the same tuning and process parameters as the 
original design conditions. A direct comparison between the original and new 
design is not available for this case, because the amount of calculation steps 
on cylinders 1New and 2New are much more in the original process condition.  
However, a comparison has been done for each part separately as shown in 
previous sections. 
 
The tendency and behavior of the moisture content profile present clearly 
again for process zone indentifying.  It confirms that the simulation program 
can recognize the drying process automatically.  And it is very important to 
known how many successive levels of calculation procedure exist inside the 
mathematical model.  Even though the drying model has been already proved 
in several previous works, it is also impressive to prove this model again in 
this work. 
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Figure 5.16 Moisture profile of PM1 from results of simulation with new geometry 
design 
 
The drying process of PM1 can be analyzed in more detail.  The simulation 
results in all topics will be used to identify the overall process simultaneously.  
The region of heating up zone in PM1 can be indicated as zone A as shown in 
Figure 5.16.  It begins from cylinder 1 to cylinder 5.  The constant rate drying 
zone is indentified with zone B.  This zone has internal difference slope of 
moisture profile. For deeper analysis, it can be divided into two zones as 
shown in Figure 5.16.  The falling rate zone begins at cylinder 21.  High 
pressure steam has been supplied continuously to the cylinder group to add 
more heat in order to evaporate bond water.  However, the operating setup of 
PM1 has a cool down cylinder at the end of drying section.  Then this zone 
can be also divided into two sub-zones as shown in diagram. 
 
The drying zone division is an illustrative example of the usefulness of the 
simulation program for drying section design.  Specific design conditions can 
be applied for each drying zone. 
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5.4 Study of Heat Flux 
 
Energy consumption of the drying section is one of the important parameters 
to be determined in the paper drying process.  A thermodynamics model has 
been added to the simulation program.  The study of heat flux in this section 
focuses on heat flux required for internal heat conduction through the 
condensate layer, cylinder wall and paper web in thickness direction.  The 
heat required for water evaporation is calculated separately because of the 
complicated factors of the evaporating mechanism in the paper drying 
process.  The heat required for evaporation varies upon physical and chemical 
properties of the paper web.  The evaporation of free water seems easy to 
understand and has good results in the simulation case but when the paper 
has reached the hygroscopic region, the heat of evaporation has more 
complicated calculation steps. However, the heat flux components as shown 
in Figure 5.17, 5.18 and 5.19 are an interesting illustrative example to 
investigate the behavior of energy consumption in the drying section. 
 
 
 
 
 
Figure 5.17 Comparison of local heat flux through cylinder surface in heating up zone 
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Figure 5.18 Comparison of local heat flux through cylinder surface in constant rate zone 
 
 
 
 
Figure 5.19 Comparison of local heat flux through cylinder surface in falling rate zone 
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The heat flux has varied in the same way for all drying zones.  It begins with a 
high value at the first contact with the cylinder surface and then it decreases 
along the contact length.  By theory, heat flux is function of the heat transfer 
coefficient, thickness and temperature difference between medium.  But for 
the local heat flux, the heat transfer coefficient and paper thickness have not 
been significantly changed.  Then, the main influence on the local heat flux is 
the temperature gradient in the medium and the contact gap between the 
medium.  In the figures it can be seen that the heat flux has been two times 
extremely excited.  It occurs first time at first contact at beginning of drying 
phase 1 and again at beginning of drying phase 2.  And, the second peak of 
local heat flux is very high.  This behavior is influenced by the heat transfer 
through the drying fabric at the contact surface with air.  It was a direct result 
from the outer surface boundary condition for double-felted drying cylinder 
as shown in section 3.1.2.4.  
 
Table 5.3 Total heat flux for cylinders in heating up zone 
Cylinder Surface Total Heat Flux (kW) Total Heat Flux (kW) Surface Cylinder
Contact CP 266.4
Contact CA 22.0
All Surface 288.4
Contact CP 45.1
Contact CA 8.0
All Surface 53.1
All Surface 1-2 341.6 361.4 All Surface 1
Contact CP 403.6
Contact CA 33.3
All Surface 436.9
Contact CP 43.8
Contact CA 13.1
All Surface 57.0
All Surface 3-4 493.9 280.8 All Surface 2
835.6 642.2
Contact C-P
2
27.9 Contact C-A
Original Design (4 Cylinders) New Design (2 Cylinders)
1
339.1 Contact C-P
Contact C-A22.3
1
2
Total Heat Flux
3
4
252.9
 
 
At the beginning of the heating up zone, the trend of local heat flux for the 
new geometry design is greater than in the original design as shown in Figure 
5.17.  The amount of heat flux has been collected from each sub-element of the 
calculation steps and has been compared in Table 5.3.  The total heat required 
for the new design is also a little bit greater than original design.  Because at 
the original cylinder 2, is the surface which operates in the last part of 0.25 bar 
steam supply area.  Therefore, it requires a low heat flux.  The last contact 
surface part of cylinder 1New requires also a low heat flux, but it has more 
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contact area.  Then it requires more heat flux than the total of cylinder 1 and 2 
in the original design.  The cylinder 2New consumes significantly less energy 
than the last two cylinders of original design.  As it has been reviewed in 
previous sections, this amount of energy consumption can raise the paper 
web temperature to an evaporation temperature.  But it has no more potential 
in order to use for evaporating water from paper web. 
 
The graphical comparison of local heat flux in Figure 5.18 shows that there is 
no effect from the first cylinder group onto the middle cylinder group.  The 
result has some difference along the drying path through cylinders 14, 15, 16 
and 17, but its value is not significant.   
 
                 Table 5.4 Total heat flux for cylinder in falling rate zone 
Cylinder Surface Original Design New Design 
Contact CP 20.7 20.7
Contact CA 1.5 1.1
All Surface 22.2 21.8
Contact CP 0.3 0.5
Contact CA 0.02 0.02
All Surface 0.3 0.5
Contact CP 43.8 44.4
Contact CA 3.2 2.4
All Surface 47.0 46.8
Contact CP 0.6 1.1
Contact CA 0.1 0.1
All Surface 0.7 1.2
Total Heat Flux 70.2 70.3
Heat Flux (kW)
29
30
27
28
 
 
The comparison of total heat flux consumed in the falling rate zone is shown 
in Table 5.4 and a graphical comparison of local heat flux is shown in Figure 
5.19.  The graphical trends show that the behavior of the new and the original 
design are very close and concurrent because the new design for the last 
group has changed only the distances between the upper and lower cylinders.  
A comparison of the total heat flux is shown in Table 5.4, confirming that the 
amount of heat consumption between the new and original design is very 
similar.  At the falling rate zone, the water content in paper is very low.  The 
properties of paper web in the last four cylinders then stay rather constant.  
Some heat in this region is required to evaporate but is not include in this 
result.  The overall simulation result has shown clearly that the new design 
has not reduced the energy consumption for the last cylinder group. 
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5.5 Discussion and Conclusion 
 
The example of modification in this chapter has shown how a simulation 
program works for the analysis of the drying section.  The main purpose is to 
simulate a new design condition aimed to improve the drying performance, 
reduce construction size and reduce technical expenditure. 
 
Two cases of illustrative design have been analyzed.  The simulation results 
such as temperature, moisture content and heat flux have been used to 
identify the qualities and abilities of the new design condition.  The previous 
discussion has shown that the best way to judge the feasibility of new design 
condition must be used all results in the analysis simultaneous. 
 
For the first cylinder group, it can be concluded that the new design has 
advantages over the old design.  First, the new design has only two drying 
cylinders.  Although they have bigger diameters they save two sets of steam 
supply units such as steam pipes, steam/condensate valves, drive units and 
control units.  The results’ effect on the process of the new design condition is 
positive.  They can heat the paper web to the evaporation under the same 
operation parameters as the original design. Moreover, they consume a 
smaller amount of energy.  But, regarding targets of the drying process, the 
moisture content is the first priority to consider.  As shown in Table 5.1, not 
only the temperature profile results but also the moisture content results must 
reached an effective point in the drying process.  This illustrative design 
condition and its simulation results are only one example to show how the 
simulation program works.   For more detail of the drying section design, 
many process parameters must be varied and that would be a very 
complicated work.  However, this result in the example has shown that this 
simulation program can be used for optimizing and determining the design 
condition of the drying section of a paper machine. 
 
The illustrative new design for the last cylinder group is not successful in the 
case of process improving as reviewed in a previous section.  In fact, although 
at the last cylinder group of typical drying section has a very small amount of 
evaporation it still needs more area for evaporation.  When comparing energy 
cost to pay with extra steam supply for the heat of adsorption in the falling 
rate zone, the saving cost from construction does not seem to be optimum in 
the long term.  The illustrative design condition for the last cylinder group 
may not be a good choice to improve the drying section and reduce 
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construction costs, but it is a good example to show that the simulation 
program can analyze this case very well. 
 
Actually, all types of energy have been already calculated by the simulation 
program.  The simulation procedure has been designed to reach the 
hygroscopic region automatically by input the CMC; therefore it can reach the 
falling rate zone at any point of the calculation steps.  Then, some problem has 
occurred, when the calculation step reaches the hygroscopic mode on between 
any drying phases.  The summation of heat flux will difficult to indentify, 
which one from constant rate or hygroscopic.  This problem is a technical 
problem of computer programming and it will be added into the future work 
list.  However, the illustration results and discussion of the heat flux that were 
shown in section 5.4 show some potential of the simulation program for the 
calculation of energy. 
 
 
 
 
 
Chapter 6 
 
 
Conclusions and Future Work  
 
 
 
6.1 Conclusion 
 
This specific-purpose mathematical model was developed for the drying 
process in a multi-cylinder drying section.  The unsteady state of one-
dimensional heat conduction equation has been applied to mathematical 
model of both, cylinder shell and paper web.  The internal mass transfer of the 
paper web has not been included in this work.  The calculations of the 
simulation program use an implicit numerical method.  The drying path 
length along the machine direction has been divided into 4 drying phases for 
each drying cylinder.  Each drying phase has been divided in small sub-
elements.   In each sub-element, the heat and mass transfer across boundary 
conditions have been solved simultaneously in the simulation program, 
which runs with MatLAB®.   
 
The simulation program consists of three cooperating parts.  The first one is 
the main program.  It was composed by the paper drying models and the 
physical properties of paper, water, steam and drying air.  The second part is 
the geometry model.  It consists of calculation modules which can calculate 
the length of the drying phase for all patterns of a multi-cylinder drying 
section.  The last part is the thermodynamics model.  It contains 
thermodynamic calculation modules to calculate the energy required for each 
sub-element following the calculation step of the main program. 
 
The simulation model was verified with 30 cylinders in a multi-cylinder 
drying section which produces 270 g/m2 paper board grade.  The simulation 
model was tuned by adjusting the tuning parameters such as condensate 
coefficient, contact heat transfer coefficient and fabric reduction factor.  Then, 
it was used to calculate the drying section with the original process 
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parameters from machine data.  The results of moisture profile and cylinder 
surface temperature of the simulation program have been compared with the 
experimental result.   
 
The verification of moisture results of the simulation program was fairly 
good.  The trend of moisture profile was concurrent with the experiment 
result.  It shows a very good potential to calculate the local moisture content 
at each cylinder.  The simulation program can reach the different drying 
zones itself automatically by setting the drying conditions inside the program.  
Moreover, the calculation algorithm was designed to emphasize the drying 
phase in each drying cylinder.  The results can be focused on a specific 
cylinder or a specific drying phase in a cylinder as reviewed in chapter 4 and 
5.    
 
The verification of the cylinder’s surface temperature has some complicated 
input setup because the experimental data does not have enough information 
about the steam pressure supply for each cylinder.  But the problem could be 
solved by using a backward calculation to determine the steam pressure.  
However, the calculation results of the simulation program have not been 
verified with experiment results but they have shown the ability to calculate 
the surface temperature very well when compared to theory and literature.  
This problem will be added to the list of future work.  The cooperation with 
Papermaking Company and timing period of further research should be 
rearranged and planned to take a suitable measured data. 
 
Other than the directly verified results, the simulation program can present 
local results for each drying cylinder such as local moisture rate and local heat 
flux.  These results are useful for the analysis of the drying machine geometry 
design condition.  
 
In the illustrative application of the simulation program, the new geometry 
design was applied to the first and last cylinder group of the drying section.  
The original cylinders 1, 2, 3 and 4 were replaced with two new bigger 
cylinders.  At the end of drying section, the new geometry was applied to 
cylinders 27, 28, 29 and 30 by decreasing in about 27% the distance between 
upper and lower cylinder row.  Both design conditions are case studies to 
investigate the sensitivity of the other drying process parameters.  The new 
geometry design condition has been simulated by the simulation program 
with the purpose of improving the process performance and reducing the 
construction costs.  The comparison of results between the new and original 
Conclusion and Future Work 127 
design has shown that the replacement of new drying cylinders has positive 
results in both improving targets.  Regarding the new design condition at the 
last cylinder group, the analytical results have shown that the new design 
condition did not improve the drying process.  Moreover, it has degraded the 
drying performance of the drying section.  However, the new design has a 
smaller size and can save construction and supporting unit costs.  It is feasible 
to design the drying section smaller but the other process parameters must be 
tuned simultaneously.  In practical design, the costs saved in the construction 
and technical supply units must be optimized with energy cost that may be 
increased due to the change in the evaporation area. 
 
The local heat flux is an important parameter to optimize the overall drying 
process.  This simulation program can calculate the energy required for each 
element and then integrate the drying phase length for the total energy 
consumption.  Unfortunately, the programming module in the section of heat 
of adsorption that occurs in the hygroscopic region has some technical 
problems.  The total energy consumption of the drying section cannot be 
determined in this work.  However, the results of heat consumption in the 
heating up and constant rate zone can be presented as shown in Appendix A.  
This topic is the main subject to carry out in further work. 
 
In general, the simulation program can be used as a tool to analyze the drying 
section.  The geometry model which is a part of the main program makes the 
simulation model more flexible to simulate the variation of the drying section 
geometry.  New geometry design conditions can be simulated with this 
simulation program.  The user can study the sensitivity and effects of new 
design conditions on the drying process.  The simulation has also included the 
ability to simulate basic drying process parameters such as steam pressure, 
drying supply air and machine speed.  The ability of the simulation program 
to calculate energy must be developed but a comprehensive local heat flux 
result can already be calculated. 
 
6.2 Future Work 
 
The modeling and simulation of the drying section is a very challenging job.  
The complexity of the component processes needs to join together numerous 
fields of knowledge.  Although this simulation program has the ability to 
cover the research purpose there are some suggestions to improve and 
develop it.  The list below is suggestion topics for future work. 
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Experiment and Verification:  Because the development of a model for the 
mechanical design of a drying section has taken such a long time, the rest of 
the time for the dissertation did not match the production schedule of 
Papermaking Company, and then the official experiment was not done.  
Fortunately, thanks to the cooperation of a Paper Machine Manufacturer 
Company, this work has good information to verify the simulation program.  
In future, a good organization between the research group and the company 
should be planned in advance for the experiment.  The new verification with 
complete measure data will make the model easier to tune and suitable for a 
specific machine. 
 
Energy Calculation Module: It is now very clear that the energy calculation 
module can calculate the energy in each sub-element (the division of sub-
elements can be found in Appendix B).   The energy consumption of the 
drying section can be determined in two main ways.  First way is through 
thermal analysis of the overall drying section as has been presented in 
Roonprasang and Majschak [110].  The second one is the sum of energy 
consumption of each cylinder.  The direct thermodynamic calculation from 
the difference of moisture content between input and output of the drying 
section is a wrong formulation to determine energy consumption, because this 
method has excluded the heat of adsorption in the critical moisture content 
zone.  By manually attempt to check some result of heat of adsorption in this 
simulation program, it was found that the heat of adsorption is higher than 
the heat of evaporation of free water.  Then the amount of heat of adsorption 
in hygroscopic zone is significant for the overall energy consumption of the 
drying section.  That work should be setup to compare the results of the 
simulation program and the analytical method in [110] in the future.  
 
The Internal Mass Transfer:  The advance level of modeling of paper drying 
is combining the internal water transfer in paper web into mathematical 
model.  For this work, the paper web has been divided in to 4 layers of 
thickness with 3 nodes inside and 2 nodes at the surface.  But it uses the 
assumption that the calculation of the moisture content takes place only at the 
surface nodes.  The modeling of the internal mass transfer will change the 
internal matrix coefficient and more boundary conditions inside the paper 
web.  The addition of internal mass transfer is a good way to develop the 
potential of the simulation program to use with the paper board drying 
section. 
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A.1 Numerical Heat Transfer Formulation (Implicit Method) 
 
Basic Un-Steady State Heat Transfer Equation 
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𝜌𝑝 ∙ 𝐶𝑝 ,𝑝
∙
𝜕2𝜗𝑝
𝜕𝑧𝑝
2 − 𝑣𝑥 ∙
𝜕𝜗𝑝
𝜕𝑥
  
 
𝜕𝜗𝑐
𝜕𝑡
=
𝑘𝑐
𝜌𝑐 ∙ 𝐶𝑝 ,𝑐
∙
𝜕2𝜗𝑐
𝜕𝑧𝑐
2   
 
𝜕𝜗𝑐
𝜕𝑡
=
𝑘𝑐
𝜌𝑐 ∙ 𝐶𝑝 ,𝑐
∙
𝜕2𝜗𝑐
𝜕𝑧𝑐
2 − 𝑣𝑥 ∙
𝜕𝜗𝑐
𝜕𝑥
  
Basic Implicit Method Formulation 
 
 
𝑘
𝜌 ∙ 𝐶𝑝
= 𝛼 (a-1) 
 
𝜕𝜗
𝜕𝑡
=
𝜗𝑛
𝑝+1
− 𝜗𝑛
𝑝
∆𝑡
 (a-2) 
 
𝜕𝜗
𝜕𝑥
=
𝜗𝑚
𝑝+1
− 𝜗𝑚−1
𝑝+1
∆𝑥
 (a-3) 
 
𝜕2𝜗
𝜕𝑧2
=
𝜗𝑛+1
𝑝+1
− 2𝜗𝑛
𝑝+1
+ 𝜗𝑛−1
𝑝+1
 ∆𝑧 2
 (a-4) 
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1
𝛼
∙
𝜗𝑛
𝑝+1
− 𝜗𝑛
𝑝
∆𝑡
=
𝜗𝑛+1
𝑝+1
− 2𝜗𝑛
𝑝+1
+ 𝜗𝑛−1
𝑝+1
 ∆𝑧 2
− 𝑣𝑥 ∙
𝜗𝑚
𝑝+1
− 𝜗𝑚−1
𝑝+1
∆𝑥
 (a-5) 
 
 
Implicit Node Equation by heat balance around Cylinder Nodes 
 
Cylinder Model Surface Node 1: Steam-Condensate-cylinder Interfaces 
 
 
 
Figure A.1 Calculation nodes arrangement for dryer cylinder model 
 
 
Heat Balance for Node 1 (surface node at steam side), No heat generation 
 
𝐸 𝑖𝑛 + 𝐸 𝑔 = 𝐸 𝑠𝑡   
 
 𝑕𝑠𝑐 ∙  𝜗𝑠 − 𝜗𝑐 ,1 +
𝑘𝑐
∆𝑧𝑐
∙  𝜗𝑐,2
𝑝+1
− 𝜗𝑐,1
𝑝+1
 = 𝜌𝑐 ∙ 𝐶𝑝 ,𝑐 ∙
∆𝑧𝑐
2
∙
 𝜗𝑐,1
𝑝+1
− 𝜗𝑐 ,1
𝑝
 
∆𝑡
 (a-6) 
 
When 
𝑕𝑠𝑐 ∙  𝜗𝑠 − 𝜗𝑐 ,1 = 𝑞 𝑠𝑐   
 
 
1C
2C
3C
4C
5C
1P
QS
Surface Node with Steam-Condensate-Cylinder Boundary Condition
Steam
 Side
Paper
/Fabr
ic/Air
 Side
QC-P Surface Node with Cylinder-Paper/Fabric/Air 
Boundary Condition
Cond
ensat
e Film
Cylinder Shell
Δ
Z
C
TS
QC
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𝑘𝑐
𝜌𝑐 ∙ 𝐶𝑝 ,𝑐
= 𝛼  
 
𝛼 ∙ ∆𝑡
 ∆𝑧 2
= 𝐹0  
 
 
Then 
 
 1 + 2𝐹0 ∙ 𝜗𝑐 ,1
𝑝+1
− 2𝐹0 ∙ 𝜗𝑐 ,2
𝑝+1
=
2𝛼 ∙ 𝑞 𝑠𝑐 ∙ ∆𝑡
𝑘𝑐 ∙ ∆𝑧𝑐
+ 𝜗𝑐 ,1
𝑝
 (a-7) 
 
Cylinder Model Internal Node 2, 3 and 4: Conduction Heat Transfer in 
Cylinder Wall 
No Boundary Condition 
Heat Balance for each Node, no Heat generation 
 
𝐸 𝑖𝑛 + 𝐸 𝑔 = 𝐸 𝑠𝑡   
 
𝑘𝑐
∆𝑧𝑐
∙  𝜗𝑐,𝑚+1
𝑝+1
− 𝜗𝑐 ,𝑚
𝑝+1
 +
𝑘𝑐
∆𝑧𝑐
∙  𝜗𝑐,𝑚−1
𝑝+1
− 𝜗𝑐 ,𝑚
𝑝+1
 
= 𝜌𝑐 ∙ 𝐶𝑝 ,𝑐 ∙
∆𝑧𝑐
2
∙
 𝜗𝑐,𝑚
𝑝+1
− 𝜗𝑐 ,𝑚
𝑝
 
∆𝑡
 
(a-8) 
 
𝑘𝑐
∆𝑧𝑐
∙  𝜗𝑐,𝑚+1
𝑝+1
+ 𝜗𝑐 ,𝑚−1
𝑝+1
− 2𝜗𝑐,𝑚
𝑝+1
 = 𝜌𝑐 ∙ 𝐶𝑝 ,𝑐 ∙
∆𝑧𝑐
2
∙
 𝜗𝑐 ,𝑚
𝑝+1
− 𝜗𝑐 ,𝑚
𝑝
 
∆𝑡
 (a-9) 
 
 1 + 2𝐹0 𝜗𝑐,𝑚
𝑝+1
− 𝐹0 𝜗𝑐,𝑚+1
𝑝+1
+ 𝜗𝑐 ,𝑚−1
𝑝+1
 = 𝜗𝑐,𝑚
𝑝
 (a-10) 
 
 
 
 
Appendix A 149 
Cylinder Model Surface Node 5: Cylinder-Paper/Fabric/Air Interfaces 
Boundary Condition is already defined from equation (3.11), (3.13) and (3.15) 
Then for Cylinder-Paper Interfaces 
 
 
−𝑕𝑐𝑝  𝑢 ∙  𝜗𝑐 ,5 − 𝜗𝑝 ,1 = 𝑞 𝑐𝑝   
 
Cylinder-Fabric-Paper Interfaces 
 
 
−𝑕𝑐𝑓𝑝 ∙  𝜗𝑐 ,5 − 𝜗𝑝 ,1 = 𝑞 𝑐𝑓𝑝   
 
Cylinder-Air Interfaces 
 
−𝑕𝑐𝑎 ∙  𝜗𝑐 ,5 − 𝜗𝑎 = 𝑞 𝑐𝑎   
 
 
When 𝑞 𝑥𝑥  can be replace with 𝑞 𝑐𝑝 , 𝑞 𝑐𝑓𝑝  𝑜𝑟 𝑞 𝑐𝑎   then heat balance for implicit 
surface node can be defined as equation (3.79). 
 
 
𝑞 𝑥𝑥 +
𝑘𝑐
∆𝑧𝑐
∙  𝜗𝑐,4
𝑝+1
− 𝜗𝑐 ,5
𝑝+1
 = 𝜌𝑐 ∙ 𝐶𝑝 ,𝑐 ∙
∆𝑧𝑐
2
∙
 𝜗𝑐 ,5
𝑝+1
− 𝜗𝑐 ,5
𝑝
 
∆𝑡
 (a-11) 
 
 
Then 
 
 
 1 + 2𝐹0 ∙ 𝜗𝑐,5
𝑝+1
− 2𝐹0 ∙ 𝜗𝑐 ,4
𝑝+1
=
2𝛼 ∙ 𝑞 𝑥𝑥 ∙ ∆𝑡
𝑘𝑐 ∙ ∆𝑧𝑐
+ 𝜗𝑐 ,5
𝑝
 (a-12) 
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Equations System for Matrix Formulation 
 
Node 1  1 + 2𝐹0 ∙ 𝜗𝑐 ,1
𝑝+1
  −2𝐹0 ∙ 𝜗𝑐 ,2
𝑝+1
  =
2𝛼∙𝑞 𝑠𝑐 ∙∆𝑡
𝑘𝑐 ∙∆𝑧𝑐
+ 𝜗𝑐 ,1
𝑝
  
Node 2  1 + 2𝐹0 ∙ 𝜗𝑐 ,2
𝑝+1
  −𝐹0 ∙  𝜗𝑐,1
𝑝+1
+ 𝜗𝑐 ,3
𝑝+1
   = 𝜗𝑐 ,2
𝑝
  
Node 3  1 + 2𝐹0 ∙ 𝜗𝑐 ,3
𝑝+1
  −𝐹0 ∙  𝜗𝑐,2
𝑝+1
+ 𝜗𝑐 ,4
𝑝+1
   = 𝜗𝑐 ,3
𝑝
  
Node 4  1 + 2𝐹0 ∙ 𝜗𝑐 ,4
𝑝+1
  −𝐹0 ∙  𝜗𝑐,3
𝑝+1
+ 𝜗𝑐 ,5
𝑝+1
   = 𝜗𝑐 ,4
𝑝
  
Node 5  1 + 2𝐹0 ∙ 𝜗𝑐 ,5
𝑝+1
  −2𝐹0 ∙ 𝜗𝑐 ,4
𝑝+1
  =
2𝛼∙𝑞 𝑥𝑥 ∙∆𝑡
𝑘𝑐 ∙∆𝑧𝑐
+ 𝜗𝑐 ,5
𝑝
  
 
 
Cylinder Model Matrix System for Numerical Solving 
 
 
 
 
 
 
 
 
 
 
 
 1 + 2𝐹0 −2𝐹0
−𝐹0  1 + 2𝐹0 −𝐹0
−𝐹0  1 + 2𝐹0 −𝐹0
−𝐹0  1 + 2𝐹0 −𝐹0
−2𝐹0  1 + 2𝐹0  
 
 
 
 
 
 
 
 
∙
 
 
 
 
 
 
 
 
 
𝜗𝑐 ,1
𝜗𝑐 ,2
𝜗𝑐 ,3
𝜗𝑐 ,4
𝜗𝑐 ,5 
 
 
 
 
 
 
 
 
𝑝+1
=
 
 
 
 
 
 
 
 
 
 
2𝛼 ∙ 𝑞 𝑠𝑐 ∙ ∆𝑡
𝑘𝑐 ∙ ∆𝑧𝑐
+ 𝜗𝑐 ,1
𝜗𝑐 ,2
𝜗𝑐 ,3
𝜗𝑐 ,4
2𝛼 ∙ 𝑞 𝑥𝑥 ∙ ∆𝑡
𝑘𝑐 ∙ ∆𝑧𝑐
+ 𝜗𝑐 ,5 
 
 
 
 
 
 
 
 
 
𝑝
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Implicit Node Equation by heat balance around Paper Nodes 
Paper Model Surface Node: Paper-Cylinder /Fabric-Cylinder Interfaces 
 
 
 
 
Figure A.2 Calculation nodes arrangement for paper web at Paper-Cylinder 
/Fabric-Cylinder Interfaces 
 
 
 
From Boundary Condition 
Paper-Cylinder 
 
𝑕𝑐𝑝  𝑢 ∙  𝜗𝑐 ,5 − 𝜗𝑝 ,𝑠𝑢𝑟  = 𝑞 𝑝𝑐   
 
Paper-Fabric-Cylinder 
𝑕𝑐𝑓𝑝 ∙  𝜗𝑐 ,5 − 𝜗𝑝 ,𝑠𝑢𝑟  = 𝑞 𝑝𝑓𝑐   
 
Heat Balance Equation for Surface Node: Paper-Cylinder 
 
𝑞 𝑥𝑥 +
𝑘𝑝(𝑢)
∆𝑧𝑝
∙  𝜗𝑝 ,2
𝑝+1
− 𝜗𝑝 ,1
𝑝+1
 = 𝜌𝑝(𝑢) ∙ 𝐶𝑝 ,𝑝(𝑢) ∙
∆𝑧𝑝
2
∙
 𝜗𝑝 ,1
𝑝+1
− 𝜗𝑝 ,1
𝑝
 
∆𝑡
 (a-13) 
 
1P
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3P
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5P
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Then 
 
 1 + 2𝐹0 ∙ 𝜗𝑝 ,1
𝑝+1
− 2𝐹0 ∙ 𝜗𝑝 ,2
𝑝+1
=
2𝛼 ∙ 𝑞 𝑥𝑥 ∙ ∆𝑡
𝑘𝑝(𝑢) ∙ ∆𝑧𝑝
+ 𝜗𝑝 ,1
𝑝
 (a-14) 
 
 
Paper Model Internal Node 2, 3 and 4: Conduction Heat Transfer in Paper 
Web 
No Boundary Condition 
Heat Balance for each Node, no Heat generation 
 
𝑘𝑝(𝑢)
∆𝑧𝑝
∙  𝜗𝑝 ,𝑚+1
𝑝+1
− 𝜗𝑝 ,𝑚
𝑝+1
 +
𝑘𝑐
∆𝑧𝑐
∙  𝜗𝑝 ,𝑚−1
𝑝+1
− 𝜗𝑝 ,𝑚
𝑝+1
 
=  𝜌𝑝(𝑢) ∙ 𝐶𝑝 ,𝑝(𝑢) ∙
∆𝑧𝑝
2
∙
 𝜗𝑝 ,𝑚
𝑝+1
− 𝜗𝑝 ,𝑚
𝑝
 
∆𝑡
 
(a-15) 
 
𝑘𝑝(𝑢)
∆𝑧𝑝
∙  𝜗𝑝 ,𝑚+1
𝑝+1
+ 𝜗𝑝 ,𝑚−1
𝑝+1
− 2𝜗𝑝 ,𝑚
𝑝+1
 
= 𝜌𝑝(𝑢) ∙ 𝐶𝑝 ,𝑝(𝑢) ∙
∆𝑧𝑝
2
∙
 𝜗𝑝 ,𝑚
𝑝+1
− 𝜗𝑝 ,𝑚
𝑝
 
∆𝑡
 
(a-16) 
 
 1 + 2𝐹0 𝜗𝑝 ,𝑚
𝑝+1
− 𝐹0 𝜗𝑝 ,𝑚+1
𝑝+1
+ 𝜗𝑝 ,𝑚−1
𝑝+1
 = 𝜗𝑝 ,𝑚
𝑝
 (a-17) 
 
 
Paper Model Surface Node: Paper-Air/Fabric-Air Interfaces 
From Boundary Condition  
 
Paper-Air 
 
𝑕𝑝𝑎
∗ ∙  𝜗𝑎 − 𝜗𝑝 ,𝑠𝑢𝑟  − 𝑚 𝑝𝑎  𝜗𝑝 ∙ 𝜆 = 𝑞 𝑝𝑎   
 
 
 
 
Appendix A 153 
Paper-Fabric-Air 
 
 
𝑕𝑝𝑓𝑎
∗ ∙  𝜗𝑎 − 𝜗𝑝 ,𝑠𝑢𝑟  − 𝑚 𝑝𝑓𝑎  𝜗𝑝 ∙ 𝜆 = 𝑞 𝑐𝑓𝑝   
 
 
 
 
Figure A.3 Calculation nodes arrangement for paper web free draw 
 
 
Heat Balance for Implicit Surface Node 
 
 
𝑞 𝑥𝑥 +
𝑘𝑝(𝑢)
∆𝑧𝑝
∙  𝜗𝑝 ,2
𝑝+1
− 𝜗𝑝 ,1
𝑝+1
 = 𝜌𝑝(𝑢) ∙ 𝐶𝑝 ,𝑝(𝑢) ∙
∆𝑧𝑝
2
∙
 𝜗𝑝 ,1
𝑝+1
− 𝜗𝑝 ,1
𝑝
 
∆𝑡
 (a-18) 
 
Then 
 
 
 1 + 2𝐹0 ∙ 𝜗𝑝 ,1
𝑝+1
− 2𝐹0 ∙ 𝜗𝑝 ,2
𝑝+1
=
2𝛼 ∙ 𝑞 𝑥𝑥 ∙ ∆𝑡
𝑘𝑝(𝑢) ∙ ∆𝑧𝑝
+ 𝜗𝑝 ,1
𝑝
 (a-19) 
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Equations System for Matrix Formulation Paper Model 
 
Node 1  1 + 2𝐹0 ∙ 𝜗𝑝 ,1
𝑝+1
  −2𝐹0 ∙ 𝜗𝑝 ,2
𝑝+1
  =
2𝛼∙𝑞 𝑥𝑥 ∙∆𝑡
𝑘𝑝 (𝑢)∙∆𝑧𝑝
+ 𝜗𝑝 ,1
𝑝
  
Node 2  1 + 2𝐹0 ∙ 𝜗𝑝 ,2
𝑝+1
  −𝐹0 ∙  𝜗𝑝 ,1
𝑝+1
+ 𝜗𝑝 ,3
𝑝+1
   = 𝜗𝑝 ,2
𝑝
  
Node 3  1 + 2𝐹0 ∙ 𝜗𝑝 ,3
𝑝+1
  −𝐹0 ∙  𝜗𝑝 ,2
𝑝+1
+ 𝜗𝑝 ,4
𝑝+1
   = 𝜗𝑝 ,3
𝑝
  
Node 4  1 + 2𝐹0 ∙ 𝜗𝑝 ,4
𝑝+1
  −𝐹0 ∙  𝜗𝑝 ,3
𝑝+1
+ 𝜗𝑝 ,5
𝑝+1
   = 𝜗𝑝 ,4
𝑝
  
Node 5  1 + 2𝐹0 ∙ 𝜗𝑝 ,5
𝑝+1
  −2𝐹0 ∙ 𝜗𝑝 ,4
𝑝+1
  =
2𝛼∙𝑞 𝑥𝑥 ∙∆𝑡
𝑘𝑝 (𝑢)∙∆𝑧𝑝
+ 𝜗𝑝 ,5
𝑝
  
 
Cylinder Model Matrix System for Numerical Solving 
 
 
 
 
 
 
 
 
 
 
 1 + 2𝐹0 −2𝐹0
−𝐹0  1 + 2𝐹0 −𝐹0
−𝐹0  1 + 2𝐹0 −𝐹0
−𝐹0  1 + 2𝐹0 −𝐹0
−2𝐹0  1 + 2𝐹0  
 
 
 
 
 
 
 
 
∙
 
 
 
 
 
 
 
 
 
𝜗𝑝 ,1
𝜗𝑝 ,2
𝜗𝑝 ,3
𝜗𝑝 ,4
𝜗𝑝 ,5 
 
 
 
 
 
 
 
 
𝑝+1
=
 
 
 
 
 
 
 
 
 
 
2𝛼 ∙ 𝑞 𝑥𝑥 ∙ ∆𝑡
𝑘𝑝(𝑢) ∙ ∆𝑧𝑝
+ 𝜗𝑝 ,1
𝜗𝑐 ,2
𝜗𝑐 ,3
𝜗𝑐 ,4
2𝛼 ∙ 𝑞 𝑥𝑥 ∙ ∆𝑡
𝑘𝑝(𝑢) ∙ ∆𝑧𝑝
+ 𝜗𝑝 ,5
 
 
 
 
 
 
 
 
 
 
𝑝
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The Moisture Content Equation  
 
 𝜕𝑢
𝜕𝑡
 = −
𝑣𝑥
∆𝑥𝑑𝑝 𝑖
∙  𝑢𝑝+1 − 𝑢𝑝 −
1
𝐺𝑑𝑝
∙ 𝑚 𝑝𝑎  (a-20) 
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Diagrams and Components of 
Calculation Modules  
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Figure B-1 Diagram of calculation step for steam-condensate-cylinder-air 
interfaces 
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Figure B-2 Diagram of calculation step for steam-condensate-cylinder-paper 
interfaces 
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Figure B-3 Calculation process diagram of simulation program 
 
Begin Simulation
Load Initial Condition
T0, M0 for Air and Paper
Begin Time Step Calculation
Check for Phase i
Calculate Air & Paper Properties 
Load Dimension from Geometric Model
Calculate Boundary Condition
for Surface Nodes
Export Data to Numerical Module
Solving Cylinder Model
Solving Paper Model
Import Data from Numerical Module
Calculate for Results in Time Step Element
- Amount of Heat Transfer Area
- Amount of Heat Flux
- Amount of Water Evaporated
Store Results in Memory
Check Length in Time Step 
Calculation
Calculate Optimum Time Step
Lenght (i) < Phase length
Begin next time step
Lenght (i) = Phase length
Save Results for next time step Condition
Ti, Mi for Air and Paper
Begin next Phase Drying
Load Results
Calculate Accumualtion Results
- Accumulate Heat Flux
- Accumulate Water Evaporate
- Accumulate Energy Consumption
- Accumulate Wase Heat
- etc ...
Save Final Results
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Figure B-4 Component of calculation modules for Single-Felted Configuration 
drying section  
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Figure B-5 Component of calculation modules for Double-Felted 
Configuration drying section  
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